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Abstract 
Patients with acute vestibular neuritis are traditionally investigated with caloric or rotational 
examination of the vestibular-ocular reflex.  However, clinical outcome is poorly predicted 
by such vestibular reflex assessments. We hypothesised that symptomatic recovery would 
depend upon higher order visuo-vestibular compensatory mechanisms.  
Thirty-one patients were studied in the acute and recovery phases of vestibular neuritis 
(median 2 days and 10 weeks, respectively). Patients underwent examination of vestibulo-
ocular and vestibular-perceptual responses, at threshold and supra-threshold levels.  Supra-
threshold stimuli (90°/s velocity step rotations) allowed quantification of vestibulo-ocular 
and vestibulo-perceptual time constants.  Additional measures of visual dependency (rod-
and-disc task), dizziness symptom load (Vertigo Symptom Scale and Dizziness Handicap 
Inventory) and psychological factors (including - autonomic arousal, anxiety, depression, 
fear of bodily sensations) were obtained.  
Vestibulo-perceptual and vestibulo-ocular thresholds were raised and asymmetric acutely 
and remained slightly elevated and asymmetric at recovery.  Acutely, supra-threshold 
vestibulo-ocular time constants were shortened and asymmetric. In contrast, perceptual 
responses were reduced but notably symmetrical. At recovery, vestibulo-ocular supra-
threshold responses remained abnormal but perceptual supra-threshold responses 
normalised. Visual dependency was significantly elevated above normals in both acute and 
recovery stages. Vertigo symptom recovery was significantly predicted by acute levels of 
visual dependency (p=0.002), autonomic anxiety (p=0.004). A number of measures were 
associated with vertigo symptoms at recovery, in addition to visual dependency (p=0.012) 
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and autonomic anxiety (p<0.001), including - anxiety and depression (p<0.003), fear of body 
sensations (p=0.033), vestibular perceptual thresholds (p=0.017) and caloric canal paresis 
(p=0.001). Factor Analysis revealed a strong association between clinical outcome, visual 
dependency and psychological factors, all loading on a single component accounting for 
59.15% of the variance.  
The bilateral suppression of supra-threshold vestibular perception observed acutely 
represents a hitherto unrecognised central adaptive ‘anti-vertiginous’ mechanism. However, 
poor symptomatic recovery is best predicted by increased visual dependency and 
psychological factors. The findings show that long term recovery from unilateral vestibular 
deficit is mediated by central compensatory mechanisms, including multi-sensory 
integration and psychological processing.   
 
 
 
 
 
 
 
 
 
I declare that all work presented within this thesis is my own and all else is appropriately referenced 
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Introduction 
 
The ability to control our balance effectively and maintain spatial awareness whilst moving 
around the world is intrinsically important in how we function in everyday life.  The 
vestibular system provides information necessary for maintaining spatial orientation, 
postural control and ensuring that visual input remains stable whilst we continually move 
and navigate our environment. This sometimes forgotten sixth sense provides us with the 
information that is essential to our ability to make sense of the world around us.  
The vestibular systems' peripheral sensory organs located in the inner ear consist of three 
semi-circular canals (SCC's), which sense head angular velocity from rotational movements 
(Guedry, 1965)  and two otolith organs (utricle and saccule) that respond to linear 
accelerations (translational movements and gravity). Input from these structures is 
important for reflexes such as the vestibulo-ocular reflex (VOR), responsible for stabilising 
the visual image on the retina during head motion, as well as the vestibulo-spinal and 
vestibulo-collic reflexes that act on musculature, which serve to stabilise the body and head. 
The balance system is multi-modal and inputs from the vestibular apparatus converge 
extensively with visual and proprioceptive information for balance maintenance. This multi-
sensory interaction is monitored by the central nervous system (CNS), which then weights 
and re-adjust inputs appropriately, in response to external stimuli or sensory conflicts. The 
ability of the balance system to adapt and repair via central mechanisms of multi-sensory 
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reweighting, further highlights the importance of this system.  Although impressive, the 
multiple levels of processing and integrated mechanisms involved in balance function may 
also introduce more opportunities for malfunction.  
Dizziness accounts for 12% of the neurology referrals to A&E  (Royl et al., 2010) and rates in 
the top five most common symptoms for which advice is sought at a general practitioner 
level  (Hopkins, 1989). Of those patients who attend general practice for dizziness 42% 
report anxiety or avoidance behaviour, compared with 13.3% of those patients without 
dizziness  (Yardley et al., 1998b). Of this sample of patients, approximately 40% had been 
dizzy for between six months and five years, with 30% of patients suffering dizziness for 
more than five years. Dizziness was also shown to cause problems at work and one fifth of 
patients reported dizziness as major factor in why they were not working.  
In the case of vestibular neuritis (VN), a condition affecting the function of the peripheral 
vestibular organ that stems from what may be viewed as a relatively benign viral aetiology, 
the effect on the individual can be catastrophic. The acute incident causes severe 
debilitating symptoms of vertigo, nausea and disequilibrium and the course of recovery is 
uncertain. Although many go on to make a full recovery, a large proportion of individuals 
suffer from chronic balance problems.  
Due to the vestibular organs important role in vestibular reflex function, much of the 
research pertaining to recovery from peripheral disorders such as VN has concentrated on 
vestibular reflexes and their correlation with symptomatic recovery. However this has 
proved largely unfruitful and recovery of reflex function has not been found to predict 
recovery. This is possibly due to tests of vestibular reflex function failing to take into account 
higher level vestibular processing. This thesis aims to investigate the influence of the higher 
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order mechanisms involved in balance function on symptomatic recovery. Chapters 1 and 2 
of this thesis will focus on psychophysical tests of vestibular function by measuring 
vestibular perceptual responses to threshold and supra-threshold vestibular stimuli in 
patients during the acute and recovery stages after injury. Mechanisms of sensory 
integration will also be investigated via tests of visual dependency in Chapter 3, in addition 
to psychological processing in Chapter 4. By carrying out a multidimensional analysis of the 
higher level mechanisms operating after acute vestibular dysfunction, we may compare how 
different levels (brain stem versus cortical) of vestibular processing are affected by 
peripheral injury and furthermore identify important factors predicting patient recovery 
(Chapter 5).  
This introduction provides a general overview of the problem and background, more specific 
details and references will be given in the relevant chapters. The functional anatomy of the 
vestibular sensory end-organs responsible for the detection of head motion will first be 
outlined, in addition to the VOR and central projections of the vestibular system.  The 
impact of unilateral vestibular peripheral injury on vestibular function and processes of 
vestibular compensation will also be outlined.  
 
Peripheral vestibular system  
Angular acceleration is encoded via three semi-circular canals within each inner ear. The 
canals are positioned in the horizontal, anterior and posterior planes, and each responds to 
head motion in its respective direction and plane. The canals are filled with endolymph fluid, 
which is displaced when head motion occurs. When there is a change in the speed of head 
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rotation this fluid lags behind due to inertia and displaces the cupula, which is situated 
within the ampulla - the duct at each end of the canal.  The hair cells within the cupula are 
then stimulated and convert head acceleration into a biological signal, which is passed via 
the vestibular nerve to the CNS and used to compute head position in space. Vestibular 
afferents are continuously active, allowing bidirectional modulation of activity in response 
to movement. The direction in which the hair cells bend affects whether the firing rate in 
the vestibular nerve increases or decreases, with ipsilateral rotations ('on' direction) evoking 
an increase in firing rate and contralateral rotations ('off' direction), a reduction in firing 
rate. The six canals make up three co-planer pairs which work in a push-pull arrangement. 
For example, a right horizontal angular movement would increase firing rate from the right 
horizontal canal and decrease firing rate from the left horizontal canal. This pairing of SCC's 
has a number of advantages. Pairing provides a degree of protection against sensory 
redundancy, so that if disease or injury affects one canal, the canal on the opposite side may 
still provide information to the CNS regarding head movement in that plane. Additionally, 
pairing allows common mode 'noise' (for example, increases in temperature) that occurs 
simultaneously on both sides to be ignored.   
 
Vestibulo-ocular reflex 
Although the SCC's act as a type of biological rate sensor, the firing rate of the vestibular 
nerve decays exponentially in response to constant angular velocity (time constant of 5 - 6 
seconds, Buttner and Waespe, 1981), due to the elastic properties of the cupula, which 
return it to its resting position (Wilson and Jones, 1976). Prolonged angular acceleration in 
the dark results in nystagmus, a compensatory eye movement comprising a slow phase 
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(VOR) component in the opposite direction to rotation and a corrective fast phase 
component in the same direction as rotation.  
The SCC's provide input important in the generation of the angular VOR. Head movements 
cause image motion on the retina and can result in blurred vision. For clear vision, head 
motion must be compensated for immediately and so the role of the VOR is to generate 
compensatory eye movements that allow our view of the world to remain stable when our 
head moves. The VOR produces eye movements that are approximately equal and opposite 
to head motion velocity in order that images on the retina remain fixed (Mishkin and Jones, 
1966). The gain of the VOR is the ratio of the reflex induced eye movement velocity to the 
head motion velocity. Impulses carried through the vestibular nerve act on the ocular 
muscles responsible for eye movement via a direct tri-neuronal pathway consisting of 
primary and secondary vestibular and oculomotor neurons (Lorente de no, 1933). The 
latency of the VOR pathway is reported to be as short as 4-13ms (Crane and Demer, 1998; 
Johnston and Sharpe, 1994; Tabak and Collewijn, 1994), allowing rapid stabilisation of gaze 
and clear vision. Central vestibular structures allow dynamic modification of the VOR and 
adjust gain in order to produce as accurate eye movements as possible. 
As shown, the vestibular system is important in the production of reflexes that enable clear 
vision and postural reflexes that stabilise the body and head; however the ability of the 
vestibular system to produce true vestibular sensations arising from the organs of 
equilibrium themselves has been questioned. Geldard argued in 1972  that the perceptual 
experiences associated with vestibular experience arise indirectly from the various reflexes 
the system initiates. However this was challenged by others who argued that the vestibular 
system could produce sensations of motion directly, although its cooperation with visual 
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and proprioceptive systems was important in the maintenance of equilibrium (Mach, 1914; 
Wendt, 1951). Indeed it is the latter view that prevailed, with the emergence of numerous 
studies showing the stimulation of cerebral cortical to elicit sensations of spinning, sinking 
and swimming (for example, Crosby et al., 1962; Penfield, 1957) as will be discussed below.  
 
Central vestibular processing 
Compared to other sensory systems (for example, visual and auditory systems), relatively 
little is known about the neuroanatomical pathways via which vestibular information 
reaches the cortex. Figure I, shows the known neuroanatomical pathways from the 
vestibular sensory organs to cerebral cortex, as described below. Information from the 
peripheral organ is passed from peripheral vestibular afferents and the vestibular nerve to 
brain stem structures including the vestibular nuclei complex (Gernandt and Thulin, 1952; 
Kuruvilla et al., 1985) and cerebellum (Barmack et al., 1993; Gardner and Fuchs, 1975; 
Kotchabhakdi and Walberg, 1978b).  
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Figure I – Schematic representation of neuroanatomical vestibulo-cortical pathways. Ascending pathways 
shown only. PIVC – Parieto-insular vestibular cortex.  
 
The vestibular nuclei complex, including the medial, superior, lateral and descending 
vestibular nuclei, acts as the primary processer for vestibular input and contains two 
subpopulations of vestibular neurons. Type I cells respond to increases in vestibular afferent 
firing rate (ipsilateral rotations), whilst Type II cells respond to decreases in firing rate 
(contralateral rotations) (Duensing and Schaeffer, 1958). Information from each of the 
canals on converges at this level via commissural connections between the two vestibular 
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nuclei, with Type I neurons exciting Type II neurons contralaterally and Type II neurons 
inhibiting Type I neurons ipsilaterally (Shimazu and Precht, 1966).  
Neurons in the medial and descending vestibular nuclei also project bilaterally to the 
cerebellar vermis and flocculus (Kotchabhakdi and Walberg, 1978a).  The multi-modal 
nature of the balance system is already apparent at this brain stem level, where sensory 
inputs are integrated and the processing of vestibular input occurs concurrently with 
proprioceptive and visual information (Waespe et al., 1981; Waespe and Henn, 1977; 
Wilson et al., 1975). The cerebellum is important for the modulation (Ito, 1982; Minor et al., 
1990; Wolfe, 1969) and adaptation of VOR gain through motor learning (Blazquez et al., 
2004; Lisberger et al., 1984; Robinson, 1976) and, although it is not an essential 
requirement, vestibular reflexes become uncalibrated and inefficient without it (Flandrin et 
al., 1983; Killian and Baker, 2002).   
Information is passed from the vestibular nuclei complex, specifically the superior and 
medial vestibular nuclei, and the cerebellum to the posterior lateral and ventral lateral 
thalamic nuclei (Meng et al., 2007; Shiroyama et al., 1999). Thalamic infarctions have been 
found to cause side specific suppression of vestibular cortex activations (Dieterich et al., 
2005), pointing to the role of the thalamus as a relay station for bilateral ascending 
pathways to the cortex. Thalamic neurons that have been shown to respond to vestibular 
stimulation are argued to be positioned as such as to provide connections to the widespread 
vestibulo-cortical areas (Meng et al., 2007), including but not limited to, area 7 of the 
posterior parietal cortex (Faugier-Grimaud and Ventre, 1989), area 3Av and the parieto-
insular vestibular cortex (PIVC, Akbarian et al., 1992).  
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Velocity storage mechanism  
Recordings in the vestibular afferents from the semi-circular canals following a velocity step 
stimulus (i.e. a ‘stopping’ response)(Barany, 1907) show that the time constant of the neural 
activity recorded is of the order of 5-6 seconds (Blanks et al., 1975; Buttner and Waespe, 
1981), in the range of  the estimated dynamics of the cupula (3.3 seconds, Gizzi and Harper, 
2003).  However, it is well known that the slow-phase velocity of nystagmus elicited in 
response to a constant velocity rotation around an earth vertical axis decays with a much 
longer time constant of around 15-20 seconds (Cohen et al., 1981). This prolongation of the 
vestibular signal is achieved via the velocity storage mechanism (Buettner et al., 1978; 
Raphan et al., 1979). Neural integrators, mostly located in brainstem/cerebellar structures 
(see below), mediate this process, whereby information relating to head velocity from the 
SCC's is stored in order to drive oculomotor responses over a longer period.  The function of 
this velocity storage system is to maintain vestibular signals active in the CNS during long 
duration or low frequency stimuli.  Without such a system there would not be, for instance 
compensatory vestibularly-elicted eye movements, during rotations of below ca. 0.1Hz, 
namely because activity in the vestibular nerve would have ceased. 
Figure II shows a schematic representation of the velocity storage mechanism showing 
vestibular input from the semi-circular canals and output to oculomotor neurons for the 
generation of the VOR.   
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Figure II - Schematic representation of the velocity storage mechanism showing input from the vestibular 
peripheral organs and output to the oculomotor neurons for generation of the vestibulo-ocular reflex (VOR).   
τ = Time constant, relating to the exponential decay of neural activity at input and output stages.  
 
Input to the velocity storage mechanism is via the vestibular nerve, which carries velocity 
signals relating to head velocity from the vestibular end organs. The firing rate of the 
vestibular nerve is increased or decreased as a direct result of cupula dynamics and bending 
of the hair cells within the SCC's.  
Although little is known about the neural organisation of the velocity storage mechanism, 
studies have shown certain brain stem structures important in the neural network involved. 
The sectioning of midline fibres connecting the superior and medial vestibular nuclei has 
been shown to abolish velocity storage activity (Buttner, 1992). In addition, lesions to the 
principal cells of the prepositus hyperglossi and the cerebellar nodulus also lead to abolition 
of velocity storage (McCrea and Baker, 1985; Waespe et al., 1985). The neural integrators at 
this brain stem level are responsible for the sensory-motor transformation, which results in 
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the increase in time constant from 5 seconds at the vestibular periphery, to a VOR output 
with a time constant of approximately 16 seconds. The resultant nystagmus following 
velocity steps in the dark, such as those used in the supra-threshold test outlined in Chapter 
2, illustrate the VOR output from the velocity storage mechanism. Although the role of the 
velocity storage mechanism in the generation of nystagmus after such high acceleration 
velocity steps in the dark is largely unquestioned, its role in the processing of rotational 
velocity at threshold level remains unclear.  
 
The vestibular cortex 
Cortical areas that when stimulated electrically produce rotational, vertiginous sensations, 
have been known to exist for at least 50 years (Penfield, 1957; Penfield and Rasmussen, 
1950). Since then numerous studies have identified areas of the cortex implicated in 
vestibular processing and point to a distributed network of vestibular cortical regions rather 
than a singular primary cortex, as seen in the visual and auditory systems. Single unit 
neuronal recordings in macaque monkeys during vestibular stimulation, identified a 
network of areas that were strongly responsive to vestibular stimulation including, area 2V 
at the tip of the intraparietal sulcus, area 3aV, frontal area 6 and area 7 in the inferior 
parietal lobe (Guldin et al., 1992; Guldin and Grusser, 1998). The area identified with the 
largest number of vestibular units was labelled the parieto-insular vestibular cortex (PIVC), 
in the retro-insular and insular region (Akbarian et al., 1988; Grusser et al., 1990). The PIVC 
may be viewed as a multisensory integration area, in that a large percentage of vestibular 
units in this area are also activated by somatosensory and visual stimuli (Akbarian et al., 
1988). Studies utilising retrograde tracers have also found corticofugal connections from the 
20 
 
PIVC to the vestibular nuclei. It is argued that these connections are mainly inhibitory and 
are used to suppress vestibular reflexes during cortically controlled movements (Akbarian et 
al., 1994).  
Human homologues of the PIVC area have been identified in clinical studies of stroke 
patients with lesions to the posterior insula and adjacent parietal cortex who show 
vestibular symptoms including nystagmus (Takeda et al., 1995), vertigo (Brandt, 1995) and 
gait unsteadiness (Cereda et al., 2002). In addition to the insula region, imaging studies have 
found activation in a wide range of cortical areas in response to vestibular caloric and 
galvanic stimulation, including the parietal (Bense et al., 2001; Fasold, 2002a; Lobel et al., 
1998; Lobel et al., 1999; Naito et al., 2003; Suzuki et al., 2001), occipital (Fasold, 2002a), and 
frontal (Bense et al., 2001; Bottini, 1994) lobes, as well as tempero-parietal (Bottini, 1994; 
Fasold, 2002a; Lobel et al., 1998; 1999), superior temporal gyrus (Deutschlander et al., 2002; 
Dieterich et al., 2003;  Suzuki et al., 2001) and hippocampal (Dieterich et al., 2003; Stephan 
et al., 2005; Vitte et al., 1996) areas.   
Recently, through the use of highly localizing cortical electrical stimulation, Kahane and 
colleagues (2003) elicited vestibular sensations of rotation from areas of the superior 
temporal neocortex and lateral inferior parietal cortex. They postulate that this temporo-
parietal area labelled as the 'temporo-peri-Sylivian vestibular cortex’ may be the human 
equivalent of the monkey's PIVC, which although is roughly distributed around the posterior 
part of the insula, is located more superficially. The temporoparietal area identified 
coincides well with vestibular cortical areas described in imaging studies (Bottini, 1994; Vitte 
et al., 1996) and areas that have been found to induce rotational vertigo in stroke patients 
(Brandt, 1995).  
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Numerous studies have also shown functional links between single unit activity and 
vestibular mediated spatial perception in dorsal medial superior temporal  (MSTd, Gu et al., 
2007) and middle temporal (MT, Purushothaman and Bradley, 2005) macaque cortical 
areas. There is a convergence of visual and vestibular information in the MSTd (Bremmer et 
al., 1999; Gu et al., 2006; Page and Duffy, 2003) area and neurons that combined visual and 
vestibular information showed sensitivity that paralleled behavioural performed on heading 
perception tasks. It is argued that it is this area that may provide the neural basis underlying 
perceptual cue integration (Gu et al., 2008). In contention with previous studies (Akbarian et 
al., 1988), Chen (2010) found that although areas of the PIVC respond to rotation and 
translational vestibular stimuli, they do not respond to optic flow. They therefore postulate 
that the PIVC is unlikely to the play a large role in the multisensory integration involved in 
the perception of self-motion. These findings are reflected in a recent study that suggests 
the presence of a hierarchy within cortical vestibular processing with vestibular responses of 
neurons differing between areas of the PIVC, ventral intraparietal (VIP) and MSTd (Chen et 
al., 2011).  
Rather than acting as a passive receptor of vestibular signals, the cortical vestibular system 
is important for the dynamic integration of visual, proprioceptive and vestibular signals, in 
order to produce context-specific responses (Nashner, 1976). Central mechanisms weight 
the different sensory modalities according to environmental/task conditions or in situations 
of sensory conflict, in order to effectively regulate balance (Adkin et al., 2000; Marsden et 
al., 1981). Although largely unconscious in the normal state, this is an active process that 
allows appropriate postural responses and spatial orientation strategies to be employed in 
sensory challenging situations. These central adaptive mechanisms are evident in cases of 
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vestibular injury, where substitution by other sensory inputs plays key role in recovery 
(Parietti-Winkler et al., 2006). Furthermore, psychological factors have also been shown to 
affect central balance mechanisms and studies report patients with anxiety and panic 
disorders differ in their sensory integration strategies, by increasing weighting of visual and 
proprioceptive inputs (Jacob et al., 1997; 1995). Factors such as increased visual 
dependency (Guerraz et al., 2001) and anxiety (Kammerlind et al., 2011) have also been 
shown to play a key role in recovery after vestibular disorders. This thesis aims to provide 
insight not only into how sensory integration and psychological factors may affect recovery 
after vestibular injury, but also how these factors themselves interact in the wider context 
of cortical vestibular processing.   
In the light of such complex CNS processing, it is perhaps not surprising that recovery from 
acute vestibular injury correlates poorly with reflex indicators of vestibular function 
(Godemann et al., 2005; Kammerlind et al., 2005; Palla et al., 2008). The lack of association 
between vestibular reflex function and symptomatic recovery, along with evidence of 
substantial vestibular cortical processing, suggests that symptomatic recovery may be 
influenced by higher level cortical mechanisms rather than brain stem function.  
 
Vestibular compensation  
Lesions to the peripheral vestibular sensory organs result in spontaneous nystagmus, 
severely impaired VOR function, vertigo, nausea and imbalance, for which central vestibular 
pathways must compensate via a process termed ‘central vestibular compensation’. This 
process is responsible for the functional and structural reorganisation of neural networks 
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during the acute and recovery stages after vestibular injury. Unilateral peripheral vestibular 
injury causes in an imbalance in the neural activity in the vestibular nuclei, resultant from a 
loss of activity on the lesioned side and an increase in activity on the healthy side. Single 
unit recordings in the brainstem of labyrinthectomised animals have shown that this large 
asymmetry in central vestibular neurons is redressed through restoration of  ipsilesional 
vestibular nuclei activity (Ris et al., 1997) and correspondingly, a decrease in contralesional 
activity (Smith and Curthoys, 1988; Vibert et al., 1999).  This is paralleled by the gradual 
disappearance of  acute vestibulo-ocular and vestibulo-spinal signs such as nystagmus and 
lateropulsion (Halmagyi et al., 2010). The rebalancing of neural activity in the vestibular 
nuclei is an important step in resolving static symptoms (for example, spontaneous 
nystagmus and vertigo) and numerous explanations have been put forward as to how this 
re-balancing occurs. Changes in the properties of central vestibular neurons, involving 
modifications of their sensitivity to neurotransmitters, and more specifically a down 
regulation of GABA sensitivity by ipsilesional vestibular neurons, has been shown to 
contribute to the rebalancing of vestibular neuron excitability (Yamanaka et al., 2000). 
Additionally cerebellar neurons have also been found to play an important role in the 
inhibition of contralesional vestibular nuclei neurons (Kitahara, 1998). Kitahara (1997) found 
that flocculectomy performed in the compensatory stages after unilateral vestibular loss 
caused a re-emergence of behavioural deficits induced by labyrinthectomy.  
In addition to the mechanisms operating at a brain stem level, more distributed CNS neural 
plasticity processes attempt to combat the dynamic symptoms stemming from deficient 
VOR function (Halmagyi et al., 2010; Lacour, 2006; Pfaltz, 1983). Sensory substitution 
processes facilitate an increase in the use of visual (Dieterich et al., 2007) and 
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proprioceptive cues (Strupp et al., 1998), in response to the reduced vestibular function. 
Manipulations of these sensory modalities after labyrinthectomy have been shown to affect 
the compensation process, for example, visual deprivation can lead to reduced recovery of 
the VOR and posturo-kinetic function (Zennou-Azogui et al., 1994; Zennou-Azogui et al., 
1996). Similarly, restriction of motor activity immediately after unilateral vestibular loss can 
result in delayed improvement of postural symptoms (Lacour et al., 1976).  
Behavioural compensatory mechanisms also serve to combat symptoms, including the 
insertion of a 'catch-up' saccade during high acceleration head turns, which aims to 
minimise the retinal slip arising from the impaired VOR. Additional behavioural strategies 
adopted by the patient may include blinking during head movement to minimise retinal slip 
and restricting head movements (Curthoys and Halmagyi, 1995). 
It is likely that several of these (and more) mechanisms operate concurrently in the early 
stages after vestibular injury. Additionally, imaging studies in patients with acute unilateral 
vestibular dysfunction show significant changes in widespread areas of the cerebral cortex 
(Bense et al., 2004; Dieterich and Brandt, 2008; Helmchen et al., 2009; 2011; Zu Eulenberg, 
2010).  These changes are thought to provide evidence of cortical correlates of multisensory 
central vestibular compensation processes. Furthermore, the study by Helmchen (2009) 
found correlation between structural changes in multi-sensory vestibular cortical areas and 
clinically assessed vestibular deficits, as well as subjective vestibular disability after 
vestibular neuritis.  However, the majority of research has traditionally focused on brain 
stem vestibular reflex function after vestibular injury, rather than tests of cortically based 
vestibular perceptual processing that may reflect the apparent cortical involvement in 
recovery from vestibular deficits. This research project aims to shift clinical thinking from 
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the ear and brainstem, up to the cerebral cortex by assessing perceptual processing in the 
recovery stages after unilateral vestibular failure arising from vestibular neuritis (see below) 
and its relationship to symptomatic recovery. 
 
Vestibular Neuritis 
In 1949 Hallpike coined the term vestibular neuronitis to classify patients presenting with 
severe vertigo with no cochlear component. Vestibular neuritis (VN) is a unilateral vestibular 
deficit affecting the peripheral vestibular organ (labyrinth or nerve), with a probable viral 
aetiology (Schuknecht and Kitamura, 1981). Acute onset is characterised by severe vertigo, 
disequilibrium, nausea and vomiting and is accompanied by static symptoms of spontaneous 
nystagmus and lateropulsion, resulting from the imbalance in tonic discharge between the 
healthy and affected vestibular afferents. Static symptoms will be mostly improved by 
around three months (Choi et al., 2007), however patients often show prolonged 
dysfunction on measures of dynamic vestibular function and have impaired VOR function on 
impulsive testing towards the ipsilesional side (Halmagyi et al., 2010) and increased body 
sway (Baloh et al., 1998), especially when walking (Allum and Adkin, 2003). The symptoms 
of vertigo and nausea can arise over a period of a few hours and although severe, drastically 
improve within a few days (Silvoniemi, 1988). However complete symptomatic recovery 
may take longer with a large variation shown between individuals in the time course of 
recovery (Imate and Sekitani, 1993).  
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Thesis outline 
 
This research project aims to provide a multifactorial analysis of vestibular function and 
compensatory mechanisms after unilateral vestibular failure, in order to elucidate the 
factors affecting symptomatic recovery after vestibular neuritis. By investigating vestibulo-
perceptual, visual dependency and psychological factors, as well as vestibular reflex 
function, in patients during the acute and recovery stages of vestibular neuritis, this thesis 
will strive to deliver a comprehensive picture of how the central nervous system responds to 
acute unilateral peripheral vestibular injury. In addition, by comparatively evaluating how 
brainstem (VOR), cortical (vestibular perception), visual dependence and psychological 
factors evolve in VN patients, we may identify important predictors of symptomatic 
recovery.  
The results from VN patients tested in the acute (0-5 days after onset) and recovery (10 
weeks after onset) stages will first be discussed. Symptom outcome at the recovery stage 
will then be analysed in relation to brainstem, psychophysical (vestibular perception and 
visual dependency tests) and psychological measures in order to assess those factors 
important in symptom recovery. Findings from a long term follow up (10 months after 
onset) will provide validation of symptom recovery analysis and will serve to substantiate 
evidence for the predictive strength of factors important in symptomatic recovery.  
Chapters 1 and 2 will focus on psychophysical tests measuring threshold and supra-
threshold vestibular perception (respectively). Chapter 3 will outline findings for the visual 
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dependency (rod and disk) test, again with discussion relevant to that individual topic. 
Chapter 4 will explore the background of the relationship between psychological factors and 
balance functioning, and introduce the measures used currently to assess psychological 
processes. All measures will then be brought together in Chapter 5 in relation to symptom 
recovery.  The reader may refer to the paragraph in bold type at the end of each 
introduction section for a brief summary of specific investigation aims for individual 
chapters.  
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Clinical Material 
 
This section will outline details of the vestibular neuritis patients who underwent the 
battery of tests reported in this thesis, including details of recruitment and clinical 
examination. In addition results from conventional clinical balance tests, used here to 
evaluate brain stem vestibular reflex function, will be presented.  
 
Patients 
Recruitment  
Vestibular neuritis patients were recruited from the Accident and Emergency departments 
of Charing Cross, Hammersmith and St Mary's Hospitals in the Imperial College NHS Trust, 
London. All suspected VN patients were seen by an experienced neuro-otologist to confirm 
diagnosis and eligibility for inclusion in the study. Patients with a previous history of 
peripheral vestibular disorders, tinnitus, hearing loss or neurological disease were excluded 
from the study.  
Thirty-one patients (mean age 46.5 years, range 22-75, 13 females) were tested in the acute 
(1-5 days after onset; median = 2 days) and recovery (N=25, 6-16 weeks, median = 10 
weeks) phases of vestibular neuritis. Eighteen of these patients were also seen in a long 
term follow up stage (>6 months, range 6-22 months, median = 10 months), and serve to 
validate acute and recovery stage findings. All patients presented with a history of sub-acute 
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to acute onset of rotary vertigo, nausea and postural imbalance within the week prior to 
examination and diagnosis was confirmed by clinical examination and vestibular testing, 
showing unilateral vestibular impairment. Twenty-four patients received antiemetic 
medication (prochlorperazine/cyclizine) in the acute stage only, as was standard treatment 
for nausea and vomiting and only three patients received medication on the day of testing. 
No patient received corticosteroid therapy.  Patients had no other ontological, orthopaedic 
or neurological disorders. Informed consent was obtained and each patient was made 
aware of their right to withdraw from the study at any time. Patients were informed of the 
longitudinal nature of the follow up study in the acute stage and were contacted by phone 
after initial testing to organise follow up testing sessions.   If patients reported difficulty in 
attending any follow up session due to transport problems or impairment due to dizziness, 
transport was arranged by the researcher in order for the patient to attend the testing 
session. 
 
Clinical Examination 
In the acute stage clinical examination revealed unidirectional horizontal nystagmus with a 
slight torsional component, a positive horizontal head impulse test (Halmagyi and Curthoys, 
1988), unsteadiness and lateropulsion, and no hearing impairment. There were no signs of 
neurological disorder according to published clinical criteria (Kattah et al., 2009; Seemungal 
and Bronstein, 2008).  Clinical examination in the recovery stage revealed nine patients with 
a positive head thrust test and three patients with benign paroxysmal positional vertigo1 
(BPPV, shown by positive Hallpike manoeuvre). Seven of the 25 patients seen in the 
                                                             
1 Benign paroxysmal positional vertigo (Furman and Cass, 1999) is a condition where patients experience 
episodes of short duration rotational vertigo associated with head movement, due to free-floating endolymph 
particles in the semi-circular canals.  
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recovery stage had a history of migraine, as reported clinically or by patients scoring more 
than 3 on the Migraine Screen Questionnaire (Lainez et al., 2010).  
 
Conventional vestibular testing 
Since vestibular neuritis is a unilateral disorder, the only procedure that allows mono-
otological quantification of vestibular function is the caloric test.  The caloric test involves 
the irrigation of the external auditory canals with warm (44˚) and cold (30˚) water, in order 
to induce endolymphatic flow in the semi-circular canals by creating a temperature gradient 
from the external canal to the internal ear (Schmaltz, 1932). The resultant nystagmus is then 
measured in order to quantify the VOR response. Patients were laid in the supine position 
with head tilted 30˚ up, in order to stimulate the horizontal canal. Patients underwent four 
irrigations, one warm and one cold, to each ear. Canal paresis measurements provide 
quantification of the degree of unilateral weakness and expresses weakness in the induced 
nystagmus in one ear, compared to that obtained from the opposite ear. Peak slow phase 
velocity of the induced nystagmus is measured for each irrigation and canal paresis is then 
calculated using Jongkees formula (Jongkees et al., 1962, please see below).  
 
In order to assess the overall level of reduction in vestibular function we will report the 
‘average caloric function’ (defined as average peak slow phase eye velocity across the four 
irrigations), as well as canal paresis. Average caloric function was measured in addition to 
canal paresis as during the acute stages of VN a contralesional suppression of VOR 
(warm right + cold right ) – (warm left + cold left) 
warm right + warm left +  cold right + cold left  
X 100  Canal paresis (%) =  
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responses is apparent (Baloh et al., 1984; Magnusson et al., 1989) and so a low percentage 
canal paresis value may not necessarily indicate good peripheral function and may merely 
reflect a bilateral suppression of vestibular function. VOR responses to 90˚/s velocity steps 
were also recorded using bi-temporal electro-oculography (EOG) from adhesive electrodes 
on the outer canthi of the eyes, which provided VOR gain measurements (peak slow phase 
eye velocity/peak stimulus velocity).  
Table 1 shows peak slow phase velocity of nystagmus induced for each irrigation in all 
patients acutely and at the recovery stage. Acutely, all patients, except two, presented with 
abnormal degree of canal paresis on testing (above 20%, Coats, 1966). These patients had a 
canal paresis of 18 and 19.2% on testing and unilateral vestibular failure was confirmed 
further by clinical history, positive head-thrust test, spontaneous nystagmus and low 
average caloric function (4.2 and 10˚/s, respectively). Average caloric function across 
patients was 17.16:/s (sd 9.04), with 63.61% (sd 25.29) canal paresis in the acute stage. In 
the recovery stage, average caloric function increased to 23.94:/s (sd 12.55), with a 
reduction in canal paresis to 40.43% (sd 39.39).  
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Table 1 - Caloric test results for patients in the acute and recovery stages after VN. Peak slow phase eye 
velocity (SPV,˚/s) is shown for each irrigation, in addition to canal paresis (%), calculated using Jongkees 
formula. Contra. =  contralesional. Ipsil. = Ipsilesional 
 
Acutely, the mean VOR gain was 0.31 (sd 0.14) ipsilesionally and 0.50 (sd 0.18) 
contralesionally. Ipsilesional VOR gain for patients was significantly lower than normal 
subjects [F(1,58)=52.04, p<0.001] acutely. All patients showed ipsilesional VOR gain of less 
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than 0.57 (range 0.08-0.57), compared to normal subjects whose mean VOR gain ranged 
from 0.27-0.73 (normal VOR gain - mean 0.55). There was an improvement in VOR gain 
asymmetry by the recovery stage with ipsilesional VOR gain increasing to 0.41 (sd 0.15) and 
contralesional VOR gain slightly decreasing to 0.41 (sd 0.16).  
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Chapter 1 
Vestibular Thresholds 
 
Introduction 
The vestibular system is capable of providing sufficient information for the perception of 
self-motion and humans are capable of orientating themselves using vestibular information 
alone, when visual, auditory and proprioceptive cues are minimised (Glasauer et al., 2002; 
Metcalfe and Gresty, 1992; Seemungal et al., 2008). The ability to discern when a sensation 
begins or ends is difficult and it is the métier of threshold studies to discriminate precisely 
when a stimulus becomes perceivable and at which point the vestibular organs will begin to 
respond.  
Reviews by Guedry (1965) and Clark (1967) show a wide variation in angular acceleration 
thresholds about an earth-vertical axis and report mean thresholds for detection of rotation 
to be between 0.035˚/s2. and 4˚/s2.  Guedry attributed the range of threshold measurements 
to individual differences across subjects, small samples, as well as differences in the 
psychophysical procedures and methods used to measure both the stimuli and the 
responses of subjects. For example, thresholds measured from perception of the  oculogyral 
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illusion2 have been shown to be lower than those taken from the conscious perception of 
the rotation itself (Clark and Stewart, 1968).   
The reviews by Guedry and Clark cover the vestibular psychophysical literature predating 
the mid 20th century, however more recently research has focused largely on brain stem 
reflexive responses. The studies that have charted perceptual thresholds have measured 
mainly otolith function and use linear translational and tilt stimuli (Carpenter-Smith et al., 
1995; MacNeilage et al., 2010; Merfeld et al., 2001; Soyka et al., 2011; Zupan and Merfeld, 
2008), although recently a some studies have sought to compare VOR and perceptual 
thresholds to horizontal angular rotation in normal subjects (Grabherr et al., 2008; 
Haburcakova et al., 2011; Seemungal et al., 2004). Seemungal and colleagues found a 
dissociation between vestibulo-ocular and vestibulo-perceptual thresholds to angular 
horizontal whole-body rotations and found that the angular acceleration required to reach 
perceptual thresholds (1.2˚/s2) was significantly higher than that for nystagmus generation 
(0.51˚/s2).  
The majority of vestibular threshold studies have used normal subjects and with the 
exception of a small number using patients with bilateral vestibular failure (Cutfield et al., 
2011a; Mallery et al., 2010; Miller and Graybiel, 1975), the effect of peripheral or central 
lesions on vestibular psychophysics is unknown.  Taking into account the fact that in other 
sensory systems, testing in humans often involves a perceptual threshold component, for 
example, snellen chart for visual acuity and audiometry for hearing, it is surprising to learn 
                                                             
2
 Oculogyral Illusion (Graybiel and Hupp, 1946) refers to the apparent motion of objects in the visual field 
associated with angular acceleration, in the opposite direction of rotation. Threshold studies measuring the 
oculogyral reaction consist of subjects being rotated in the dark with a fixed visual target and reporting when 
the visual target moves.   
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that the number of studies investigating the effect of vestibular injury on perceptual 
thresholds is lacking.  
Furthermore, investigation of vestibular thresholds in patients with unilateral vestibular 
dysfunction may provide information regarding the sensitivity of a single vestibular organ in 
detecting rotations in both directions. The balanced discharge rate of vestibular afferents at 
rest (Graham and Dutia, 1997), allows bidirectional modulation of activity in response to 
movement, with increases in firing rate for ipsilateral rotations and decreases for those 
contralaterally. For high acceleration rotations in the excitatory 'on' direction the firing rate 
may be driven upwards to around 400 spikes per second (Fernandez and Goldberg, 1971), 
however the firing rate may only be decreased to 0 spikes/s for rotations in the 'off' 
direction. Given that the resting discharge rate of vestibular afferents is 70-100 spikes per 
second (Fernandez and Goldberg, 1971), this 'inhibitory cut-off' is more likely to occur than 
excitatory saturation. This characteristic reflects an inherent asymmetry in how high 
acceleration vestibular information may be processed by the vestibular system unilaterally. 
Whether this asymmetry is present for threshold vestibular stimulations, where the 
inhibitory cut-off may not be reached, is unclear.  
This study aims to investigate the effect of unilateral peripheral injury on the abilities of 
patients to detect angular accelerations around a horizontal (yaw) axis, and more 
specifically, to answer the question of whether vestibular thresholds are bilaterally or 
asymmetrical raised.  Therefore we simultaneously measured vestibulo-ocular and 
vestibulo-perceptual thresholds in patients during the acute and recovery stages of VN.    
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Method 
 
Vestibular neuritis patients carried out the threshold vestibular perception test in the acute 
and recovery stages after onset (for patient details, please see Clinical Material section). 
Thirty-one control subjects (mean age = 41.9 years, range 22- 72, females 12) with no 
history of neurological or otological problems provided normative data. Three patients with 
bilateral vestibular failure (mean age - 57 years, two patients with gentamicin exposure and 
one with idiopathic vestibular failure) were also tested in order to validate the threshold 
protocol used.  
This threshold vestibular perception test provides a measurement of both vestibulo-
perceptual and vestibulo-ocular thresholds in responses to horizontal rotations. Subjects 
were seated in a vibration free motorised rotating chair (Contraves, USA) with a hand-held 
controller with two push buttons (Figure 1.1), one to indicate perception of left and on the 
perception of right rotations.  
 
 
 
 
 
 
 
 
 
Figure 1.1 - Experimental set up for the threshold vestibular perceptual test. Subjects are seated in a rotating 
chair and are asked to press a hand held direction specific push button according to which direction they feel 
they are rotating (right/left). An occipital head rest and an adjustable chin rest minimised head movements. 
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The test consisted of 6 rotations (3 right and 3 left) – the rotation stimulus was a step-wise 
acceleration curve (Figure 1.2), where the subject was rotated from an initial acceleration of 
0.5°/s2 that increased by 0.5°/s2 every 3 seconds, until maximal velocity of ~90°/s is 
reached. The subjects were instructed to press the right button if they felt they were 
rotating to the right and to press the left button if they felt they were rotating to the left. 
They are told to press the button as soon as they are sure they are moving in that direction 
and to not press any button if they are not sure if they moving or if they are not sure what 
direction they are moving in. After each rotation the lights were turned on and subjects 
were given a break of approximately 30 seconds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 - Velocity curve output produced by the step-wise acceleration rotation stimulus used in the 
threshold vestibular perception test.  
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Vestibulo-ocular responses were recorded with EOG, which provides accurate measurement 
of eye position data for each subject. In order to produce slow phase eye velocity (SPV) 
curves from which threshold measurements are taken, the raw eye position (nystagmus) 
trace is differentiated and the fast phase removed, generating desaccaded eye velocity data. 
The fast phases were identified by using an acceleration criterion and removed, the 
resultant gaps were filled with mean pre and post values obtained with a 50-sample moving 
average (in-house software by Mr David Buckwell).  
EOG (vestibulo-ocular), button push and rotating chair tachometer signals were acquired 
online and stored on a non-networked computer at a sampling rate of 250 Hz.  
Figure 1.3 shows calculation of vestibulo-ocular (VOR) and vestibulo-perceptual thresholds 
in an acute VN patient. The perceptual threshold is measured by time taken from chair 
acceleration onset to button push. The VOR threshold was measured from chair onset to 
the point at which the slow phase eye velocity curve left the baseline and did not return. 
Position and differentiated eye movement traces are also looked at in comparison, in order 
to confirm SPV threshold measurements. For examples of the raw eye position, 
differentiated and desaccaded (SPV) eye movement traces please see Figure 1.3. Any resting 
spontaneous nystagmus present is included in baseline responses and thus is excluded from 
threshold measurement. If the subjects’ threshold is not reached within a trial (i.e. the 
subject fails to perceive rotation and does not press the button or there is no change in slow 
phase eye velocity) then a threshold of maximum trial duration is taken (30 seconds). Both 
vestibulo-perceptual and vestibulo-ocular thresholds are measured for each trial and a 
median taken for rotations towards both the healthy side (contralesional) and the affected 
side (ipsilesional) for each patient. The median threshold is taken in order to eliminate any 
40 
 
bias in averaging maximum threshold values, due to a patients' threshold not being reached 
within the limits of the test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 - Vestibular threshold analysis: illustrating steps for calculating VOR and perceptual thresholds for 
both right and left chair rotations in a subject with spontaneous nystagmus, fast phase to the right, due to 
acute loss of left peripheral vestibular function. Note the angular motion modulates the existing nystagmus 
allowing calculation of a threshold.  The vertical solid bars represent chair motion onset.  
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Development of the threshold vestibular test 
Conventional psychophysical methods for the measurement of sensory thresholds often 
require subjects to select one of two alternative answers when presented with a stimulus.  
Detection paradigms, where a proportion of trials contain a stimulus and the remainder do 
not (null stimulus trials), dictate that subjects must answer yes or no to the question of 
whether a stimulus is present; pure tone audiometry is a common example of the detection 
paradigm, where the patient signals whether or not they hear a tone. Recognition tasks 
require subjects to discriminate leftward versus rightward motion and signal accordingly (for 
example, Benson et al., 1989; Grabherr et al., 2008; Zupan and Merfeld, 2008). These 
methods allow evaluation of thresholds whilst taking into account the decision processes via 
which subjects provide responses or 'response bias'  (Green, 1966 8 /id), which may in turn 
affect measurements regarding the sensitivity of the subject to the given stimulus. In a 
detection paradigm, the decision or response bias may be calculated by comparing the 
probability of attaining an output ('yes' response) under the no signal condition versus 
conditions where the signal is present ('false alarm rate' and 'hit rate', respectively) or by 
calculating probability based on percent correct in the recognition task.  
Based on these classical threshold testing frameworks a number of protocols were devised 
for the measurement of VOR and perceptual thresholds in acute VN patients. A selection of 
acute VN patients were first tested using a 'stair-case' method (employed previously by 
Seemungal et al., 2004), which delivers rotations of constant accelerations via an automated 
modified binary search algorithm. However, this protocol was found not to be suitable for 
use with acutely vertiginous patients, due to the number of trials required. A number of 
manual protocols were then tested, which attempted to reduce the number of trials 
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required. These involved giving subjects separate discrete rotations of differing constant 
accelerations and asking them to signal whether the stimulus was present or not. In 
addition, protocols were tested that involved constant accelerations followed by a 
deceleration period, whereby the subject was asked to assess whether there had been a 
change in direction. However, these protocols involving manual presentation of differing 
acceleration curves proved to ineffective and time consuming, and were again inappropriate 
for use with acute patients. Furthermore, in order to accurately assess when VOR thresholds 
had been reached online analysis of the EOG eye movement signal was required and for 
discrete accelerations around threshold it proved to be very difficult to ascertain if the VOR 
threshold had been reached.   
The current protocol allows both VOR and perceptual thresholds to be calculated within 
each rotation via the administration of step-wise acceleration curves. This protocol presents 
a slight amalgamation of classic psychophysical testing paradigms and does not limit the 
responses of subjects to one of two answers. Instead the protocol requires subjects to 
indicate whether they feel a rotation to the right or left (recognition), however if they do 
not feel a stimulus they are instructed to not press any button (detection). Although this 
protocol fulfils an important consideration in testing acutely ill patients in that is does not 
necessitate the administration of a large number of trials, there are some limitations. For 
example, response bias of subjects as calculated using 'false alarm' rate in the classical sense 
may not be appropriate as subjects were not required to respond to rotations if they did not 
perceive them. Conventionally a trial where a subject did not press any button may count as 
a missed trial, however there was no opportunity for the subjects to respond conversely, by 
correctly 'rejecting' (no button) trials where a stimulus was not present (as all trials 
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contained rotations). However, the major advantage of this testing paradigm was the short 
duration of the test, which served to minimise errors due to fatigue etc in acutely ill 
patients. We attempted to minimise the effect of response bias in the measurement of 
perceptual thresholds by the implementation of standardised clear instructions across all 
subjects. All subjects were given clear instructions that they were only to press the right or 
left button if they felt rotation in that direction, furthermore they were explicitly instructed 
that if they felt movement but they were not sure of the direction they were not to press 
the button. In addition, all wrong button pushes were documented. Three patients with 
bilateral vestibular failure were also tested in order to validate the test protocol. These 
patients when tested did not detect the angular rotation within the time frame of the test 
(30 seconds) and correspondingly did not press the buttons. In addition the perceptual 
thresholds attained in normal subjects using the current protocol (confidence interval for 
the mean = 8.2 - 13.8°/s) are comparable with perceptual thresholds reported in previous 
published data (Clark B, 1967; Guedry, 1965; Seemungal et al., 2004). Preliminary findings 
charting vestibular thresholds using the current method has been published for a small 
number of our acute VN patients (Cutfield et al., 2011). 
 
Statistical analysis 
All patients were compared to normals using one-way ANOVA’s for both acute and recovery 
stage data. Contralesional thresholds correspond to thresholds for rotations towards the 
healthy side and ipsilesional, for rotations towards the affected side. Normal thresholds for 
right and left rotations were compared to patients' contralesional and ipsilesional 
thresholds, respectively, for both VOR and perceptual data.   
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Patient ipsilesional VOR thresholds were shown to slightly deviate from the normal 
distribution (acute – Z=0.18, p=0.03; recovery - Z=0.201, p=0.013). However, all perceptual 
measures, contralesional VOR patient data and normal data was shown to be normally 
distributed and so the ANOVA analysis outlined below was carried out.  
In order to maximise number of patients included in analysis, separate 2x2 repeated 
measures ANOVA's were carried out for acute and recovery stage data, with factors - 1. 
Response type, with two levels - perception and VOR. 2 - Rotation direction, with two levels 
- contralesional and ipsilesional and between-subjects factor, patients versus normals. In 
addition, a 2x2x2 repeated measures ANOVA were carried out in order to incorporate all 
factors and to provide a statistical comparison of acute and recovery stage data. The 
repeated measures ANOVA therefore included an additional factor - Stage, with two levels - 
acute and recovery. Only patients in whom both contralesional and ipsilesional thresholds 
were attained for perceptual and VOR responses were included in repeated measures 
ANOVA analysis. In five patients at the acute stage, both contralesional and ipsilesional 
thresholds (n=2 perception, n=6 VOR) were bilaterally higher than could be measured within 
the limits of the threshold test and so were excluded. Acutely, VOR data for one patient was 
excluded, due to technical problems in the acquisition of eye movement data.  Significance 
level is p=0.05 (SPSS Inc. Version 18).  
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Results 
Figure 1.4 demonstrates that at acute and recovery stages, perceptual and VOR thresholds 
show similar patterns; normal threshold values are shown as horizontal shaded bands 
ranging between 3.3 and 4.5°/s for VOR and 8.2 and 13.8°/s for perception, comparable 
with previous published data (Clark B, 1967; Guedry, 1965; Seemungal et al., 2004). Acutely, 
all patient thresholds are asymmetrically raised above normal levels, with ipsilesional 
thresholds higher than those contralesionally. In the recovery stage both vestibulo-
perceptual and vestibulo-ocular thresholds decrease towards normal levels, however a 
degree of ipsilesional versus contralesional asymmetry remains in perceptual and VOR data.   
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Figure 1.4 - Box plots showing perception and VOR thresholds for VN patients in acute and recovery stages. 
Boxes represent inter-quartile range, with median (solid horizontal black bar), outliers (circles) and extreme-
outliers (stars) shown. Dual y-axis shows time taken to reach threshold (seconds) and chair velocity at 
threshold (°/s). Patients whose thresholds were not reached bilaterally (i.e. for both contralesional and 
ipsilesional rotations) were excluded. Shaded bands represent the 95% confidence interval of the mean (CI) for 
31 normal subjects.  
 
Acute stage  
Patients thresholds were bilaterally higher than normal subjects for both perception 
[contralesional - F(1, 60)=6.52, p=0.013; ipsilesional – F(1, 60)=22.18, p<0.001] and VOR 
[contralesional - F(1, 55)=12.48, p=0.001; ipsilesional – F(1, 55)=36.23, p<0.001]. 
Acutely, patient VOR and perceptual thresholds are asymmetrically raised above normal. 
Analysis revealed patient thresholds for rotations towards the affected side were 
significantly higher than thresholds towards the healthy side [main effect, contralesional-
ipsilesional – F(1, 54)=26.34, p<0.001; interaction effect, contralesional-
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ipsilesional*patients-normals – F(1, 54)=19.8, p<0.001]. Furthermore, the lack of significant 
interaction between contralesional-ipsilesional and perception-VOR (p=0.69), suggests the 
degree of asymmetry is similar for VOR and perceptual thresholds.  
 
Recovery stage  
Although a clear trend towards normal levels and a reduction in asymmetry was present 
(see Figure 1.4), one-way ANOVA’s showed VOR thresholds remained significantly higher 
than normals for both contralesional [F(1,53)=11.99, p=0.001] and ipsilesional 
[F(1,53)=15.37, p<0.001] rotations. Perceptual thresholds also remained slightly higher than 
normals bilaterally, however this difference was not significant.  
A reduction in asymmetry between contralesional and ipsilesional thresholds was evident at 
the recovery stage, however a marginally significant main effect of contralesional versus 
ipsilesional thresholds remained [F(1,53)=5.22, p=0.03].  
Perceptual thresholds were significantly higher than VOR thresholds at both acute 
[F(1,54)=82.29, p<0.001] and recovery [f(1,53)=47.84, p<0.001] stages, however this 
difference was consistent between patients and normals (perception-VOR*patient-normal 
interactions = ns).   
 
Incorrect button pushes  
Button pushes in the wrong direction (for example, right button push on left rotation) were 
quantified. Normal subjects were not shown to have any wrong button pushes. In the acute 
stage, N=2 patients showed incorrect button pushes consistently for contralesional 
rotations across the three trials. For an additional N=4 patients, an incorrect button push 
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occurred during one rotation only (N=1, ipsilesional rotation; N=3, contralesional rotation). 
At the recovery stage, there were no wrong button pushes noted for any patients. These 
findings show that the majority of patients performed well in the button pushing task. The 
fact that incorrect button pushes occurred only in the acute stage suggests that they may be 
resultant from a distortion of perceptual signals arising from acute vertigo sensations (which 
are no longer present at the recovery stage).  
Correlational analysis revealed no relationship between canal paresis and degree of 
asymmetry in vestibulo-ocular or vestibulo-perceptual thresholds at the acute (Figure 1.5) 
or recovery stages (Figure 1.6).  
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Figure 1.5 - Scatter plots showing association between canal paresis (%) and absolute percentage asymmetry 
present in perceptual thresholds (A) and VOR thresholds (B), in the acute stage of VN.  
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Figure 1.6 - Scatter plots showing association between canal paresis (%) and absolute percentage asymmetry 
present in perceptual thresholds (A) and VOR thresholds (B), in the recovery stage of VN.  
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Both perceptual and VOR thresholds show similar responses in acute VN and are bilaterally 
and asymmetrically raised, with thresholds for rotations towards the affected (ipsilesional) 
side being significantly higher than those towards the healthy (contralesional) side. 
Vestibular thresholds improve at recovery and reduce towards normals levels with a 
concurrent reduction in asymmetry.   
 
Discussion 
Following unilateral vestibular injury both ocular and perceptual thresholds follow a similar 
pattern and are asymmetrically raised above normal thresholds, with ipsilesional thresholds 
being significantly higher than those contralesionally. Previous studies have found an overall 
increase in thresholds in response to bilateral vestibular failure (Cutfield et al., 2011a; 
Mallery et al., 2010; Miller and Graybiel, 1975), however present results show for the first 
time, asymmetric thresholds after unilateral peripheral vestibular injury (preliminarily 
reported in Cutfield et al., 2011).  
 
Bilateral increase in vestibulo-perceptual and vestibulo-ocular thresholds in vestibular 
neuritis 
Although asymmetrical, vestibular thresholds show a bilateral increase for both ipsilesional 
and contralesional rotations. Due to the push-pull paired nature of the semi-circular canals, 
where one canal will respond to rotations in both directions and as such, one might expect a 
reduction in peripheral sensitivity bilaterally in the case of unilateral injury.  As opposed to 
other sensory systems, the functional directional coupling between canal pairs makes them 
a de facto functional unit. Neuronal recordings in vestibular nuclei of guinea pigs after hemi-
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labyrinthectomy show an increase in the resting firing rate of contralesional type I neurons, 
with a concurrent reduction in sensitivity to horizontal angular rotations (Rix and Godaux, 
1998). Furthermore, in the case of acute VN there is a loss of information from type II 
neurons from the affected side, which would, in a normal state, convey information 
regarding contralateral rotations. 
 In addition, previous studies show evidence of central suppression mechanisms that 
operate acutely to reduce contralesional responses (Magnusson et al, 1989; Baloh et al, 
1984). The erroneous signals resulting from the vestibular lesion and the illusions of rotation 
present in acute VN, could be argued to cause an increased level of 'noise' within the 
system, both at a brain stem and perceptual level. According to the concept of the signal to 
noise ratio, any increase in level of noise would require a similar increase in level of the 
stimulus in order for it to become perceivable. Furthermore, if looked at in terms of the 
Weber-Fechner law3, which pervades all studies in psychophysics, the higher the level of 
noise present within the system, the larger the signal required for perception. A study 
carried out by Kyriakereli and Cousins et al (manuscript in preparation) investigating the 
effects of unilateral transcranial direct current stimulation (tDCS) on vestibular thresholds, 
also found a bilateral increase in vestibulo-perceptual thresholds of horizontal angular 
acceleration. The unilateral application of tDCS may be argued to be inducing 'noise' into 
the system as a whole, resulting in bilaterally raised thresholds. However, the presence of 
'noise' in acute VN does not appear to preferentially affect any higher level cognitive 
                                                             
3
 The Weber-Fechner law describes the relationship between the physical magnitudes of a stimulus and 
perception of that stimulus. It operates around a principle of relativity and states that in order for a difference 
in stimulus intensity to be perceived, the stimulus must differ by a constant proportion, rather than a constant 
amount. In the case described here, in order for the stimulus (rotation) to become perceivable, it would have 
to differ from the back ground 'noise' by a certain proportion - the more noise, the more stimulus (increased 
rotational acceleration) needed for perception.  
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processes inherent to the perceptual task. This is shown by the similarity between patients 
and normals in the difference between perceptual and VOR thresholds. Vertigo appears to 
introduce a DC shift (in engineering terms) by increasing both VOR and perceptual 
thresholds acutely. However, incorrect button pushes by a small number of patients, in the 
acute stage only, may suggest some distortion in the perceptual processing of the rotational 
stimuli due to the vertigo sensations experienced in acute VN.   
 
Asymmetrical vestibular threshold responses  
In light of the peripheral asymmetry present in acute VN, an asymmetry in vestibular 
thresholds may not be entirely unexpected, however somewhat surprisingly threshold and 
caloric findings do not correlate. The thermal (caloric) input acts as a long duration, low 
frequency stimulus that is processed via central brain stem/cerebellum pathways, however 
threshold measurements are not processed via the velocity storage mechanism (Grabherr et 
al., 2008). 
Furthermore, although the resting discharge rate of the vestibular nerve facilitates 
detection of acceleration in both ‘on’ (excitatory) and ‘off’ (inhibitory) directions (Duensing 
and Schaeffer, 1958), the threshold asymmetry observed in acute VN indicates that the 
cupula of the healthy ear responds preferentially in the ‘on’-direction. Studies comparing 
'off' and 'on' direction units in the vestibular nuclei of healthy animals have shown neurons 
responding to contralateral rotations to have a higher resting discharge rates and largely 
absent responses to low accelerations of 1.25˚/s2 (Waespe and Henn, 1979). Furthermore, 
of 306 vestibular nuclei units recorded by Shimazu and Precht  (1966), 90 increased firing 
rate for contralateral horizontal rotations, compared to 205 units that increased firing rate 
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for ipsilateral rotations. Reduced activity in off-direction units from the affected ear, 
coupled with increased activity in on-rotational type I units (resulting from loss of inhibitory 
drive from the affected ear) may lead to increased motion detection thresholds towards the 
healthy side observed acutely. Although the contralateral organ does provide a limited 
amount of information providing some signal in the ‘off’ direction, current results suggest 
the majority of information concerning ipsilateral rotations is provided by the organ on that 
side. 
Current results show parallel findings for VOR and perceptual thresholds and show both 
similar degrees of asymmetry after acute VN. Benson (1990) commented on the agreement 
between perceptual and VOR thresholds and illustrated the similarity of the relative gain of 
the human perceptual process for detecting angular movement (Benson et al., 1989) and 
the gain of units responding to rotational stimuli in the primary afferents of the squirrel 
monkey (Goldberg and Fernandez, 1971). Although perceptual thresholds are higher than 
VOR, in agreement with previous findings (Seemungal et al., 2004), we did not observe 
differences in the degree of asymmetry between ipsi- and contralesional VOR or perceptual 
thresholds acutely following UVL, suggesting that perceptual thresholds undergo minimal 
additional processing by the cortex. The current findings showing perceptual thresholds to 
be indicative of peripheral function are in agreement with previous experimental work, 
which found perceptual thresholds to be asymmetrically modulated by galvanic vestibular 
stimulation applied to the mastoid processes of normal subjects (Cutfield et al., 2011).  
By "bypassing" central mechanisms that serve to modify vestibular responses, threshold 
measurements may in fact represent a more basic level of peripheral vestibular function, 
reflecting the sensitivity of the peripheral receptor; as much as simple visual, auditory and 
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tactile thresholds (for example, Zhang et al., 2011) are also preferentially sensitive to lesions 
of the sensory organs themselves, rather than CNS disease. 
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Chapter 2 
Supra-threshold vestibular perception 
 
Introduction 
In comparison to the vestibulo-ocular reflex, relatively little is known about the mechanisms 
underlying vestibular perception. Numerous studies have documented areas of the cerebral 
cortex argued to mediate processing of vestibular sensations and provide evidence of an 
extensive vestibulo-cortical projection. In contrast to investigations of threshold detection 
of vestibular stimuli presented in Chapter 1, the present chapter will focus on vestibular 
responses to supra-threshold stimuli.  
 
Vestibular perceptual tests 
Various techniques have been developed to assess the behavioural correlates of the central 
processing of vestibular perception. The perception of rotation has been investigated in a 
number of experiments that assess the ability of subjects in estimating angular 
displacements (Mergner et al., 1991; Metcalfe and Gresty, 1992). The 'vestibular memory 
contingent saccade' paradigm (Bloomberg et al., 1988; Bloomberg et al., 1991) has been 
used to investigate the vestibular contribution to perception of self-rotation. Subjects are 
asked to match the amplitude of a preceding head angular displacement with a voluntary 
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ocular saccade of equal amplitude in the opposite direction in the dark. Normal subjects are 
able to accomplish this task easily and resulting saccades are argued to represent a 
conscious motor readout of the vestibular percept (Bloomberg et al., 1988). These findings 
are substantiated by findings that bilateral labyrinthine defective patients are unable to 
produce accurate saccadic eye movements to compensate for lateral displacements in the 
dark (Israel and Berthoz, 1989). Path integration processes have also been assessed in 
subjects during vestibular navigation experiments (Israel et al., 1996; Metcalfe and Gresty, 
1992; Seemungal et al., 2007; Seemungal et al., 2008), in which subjects are passively 
rotated in the dark and are required to re-orientate themselves back to the starting point. It 
is argued that areas of the posterior parietal cortex represent the neuro-anatomical 
substrate for human path integration - repetitive transcranial magnetic stimulation, when 
applied to the posterior parietal cortex, was found to disrupt perceptual encodings of spatial 
displacement (Seemungal et al., 2008).   
Although the types of experiment outlined above provide insight into the capabilities of the 
vestibular system in sensing self-motion, they are limited in the degree to which their 
findings, regarding vestibular perception, may be compared with VOR function. The net 
signal from the population of semi-circular canal afferents to the brain corresponds to head 
velocity (Buttner and Waespe, 1981). Information regarding angular displacement is 
acquired via an integration process that occurs in the central nervous system, where 
velocity signals are integrated over time to give displacement values (Taube, 2007). In 
contrast, the majority of experimental investigation into vestibulo-ocular reflex function is 
based on measures of slow-phase eye velocity. In order to directly compare vestibulo-
perceptual and vestibulo-ocular mechanisms, measurements of angular velocity perception 
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during self-motion are needed. Indeed, prior to eye movement recordings becoming widely 
available, psychophysical testing using angular velocity vestibular stimulation was used as a 
tool for clinical vestibular assessment (Guedry, 1965). The method of testing termed 
'cupulometry' (van Egmond et al., 1948) measured duration of nystagmus and subjects 
reported duration of sensation (Aschan et al., 1952; Hulk and Jongkees, 1948). More 
recently Okada and colleagues (1999) have developed a test that allows simultaneous 
measurement of vestibulo-ocular and vestibulo-perceptual responses to angular velocity, 
which has been applied in both normal and patient populations (Bronstein et al., 2008; 
Grunfeld et al., 2003; Seemungal et al., 2007).  
 
Vestibular angular velocity perception 
In response to prolonged constant horizontal angular acceleration slow phase eye velocity 
decays exponentially with a time constant of approximately 17 seconds (Buttner and 
Waespe, 1981; Cohen et al., 1981). This response is mediated by a velocity storage 
mechanism that serves to prolong the ocular response to constant velocity stimulation, thus 
improving the low frequency VOR response (Raphan et al., 1979). The degree to which the 
response dynamics of the vestibulo-ocular reflex show similarity to those of vestibular 
perception is uncertain, with some studies showing dissociation between reflexive and 
perceptual responses (Hulk and Jongkees, 1948; Melvill Jones et al., 1964; Stahle, 1957).  
More recent studies have found vestibulo-ocular and vestibulo-perceptual responses to 
have similar decay and duration characteristics in normal subjects and argue that they are 
processed via the same brain stem based velocity storage integrator (Okada et al., 1999).  In 
agreement, Bertolini and colleagues (2011) found in normal subjects that the decay portion 
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of slow phase eye velocity and perceptual responses to horizontal angular velocity steps 
could be accurately fitted with the sum of the same two exponential functions, accounting 
for semi-circular canal and central (velocity storage) time constants. Findings from both 
Okada and Bertolini suggest that vestibulo-perceptual responses are mediated by the same 
brain stem velocity storage integrator responsible for eye movement responses. 
Furthermore, both studies postulate the existence of an additional velocity storage 
mechanism, similar to that found in the brain stem, at a perceptual (cortical) level. 
Patients with congenital nystagmus also show reduced vestibular velocity storage and have 
significantly shortened vestibulo-perceptual time constants (Okada et al., 1999). This is 
argued to arise from the continuous movement of retinal images and may be regarded as an 
adaptive mechanism aimed at reducing visuo-vestibular disorientation in patients with 
excessive retinal instability. This conclusion is substantiated by findings from Grunfeld et al 
(2003), which showed a similar reduction in vestibulo-perceptual responses in patients with 
acquired chronic external ophthalmoplegia. Prolonged exposure to excessive retinal image 
motion can lead to symptoms of malaise and nausea and so the reduction in vestibular 
perception may be seen as a compensatory mechanism to guard against such symptoms 
(Grunfeld et al., 2003; Okada et al. 1999). 
Studies that have charted vestibular perceptual function in the recovery stages after 
vestibular neurectomy, have measured subjects' ability to reproduce angular rotational 
displacements and VOR responses to horizontal angular rotations (Brookes et al., 1994; 
Kanayama et al., 1995). These studies found correlation between estimates of displacement 
and vertigo/balance problem ratings, and patients who reported more symptoms had 
poorer performance in the perceptual tasks. VOR function was not found to be associated 
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with symptoms, in agreement with a number of other studies, which have failed to find 
correlation between brain stem reflex function and symptomatic recovery (Godemann et 
al., 2005; Kammerlind et al., 2005; Palla et al., 2008). In view of the wealth of studies that 
have investigated VOR function in acute peripheral vestibular injury, comparatively little is 
known about vestibular perceptual function in vestibular disease.  
The present study will directly compare supra-threshold vestibulo-perceptual 
andvestibulo-ocular responses to horizontal angular rotations in VN patients during the 
acute and recovery stages. On the basis that the vestibular system is hierarchically 
organised  (Chen et al., 2011), one would predict that “low” and “high” vestibular 
processes would dissociate more prominently during the acute phase of VN, where 
disruption is maximal. We hypothesise that perceptual mechanisms operating acutely are 
distinct to brain stem reflexes and are actively engaged in the central compensation 
process in acute VN.   
 
Method 
Vestibular neuritis patients carried out the Supra-threshold Vestibular Perception test in the 
acute and recovery stages after onset (for patient details, please see Clinical Material 
section). Patients were compared to normal controls (N=31, mean age 42 years, range 22-
88, 14 females). 
Vestibulo-ocular and vestibulo-perceptual responses were measured during 90˚/s velocity 
steps (starting-stopping Barany rotational test) lasting approximately 60 seconds, with 
acceleration/deceleration phase of 1 second. A total of eight acceleration/decelerations 
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were given to each subject, two rotations to each side and stop. After each rotation (and 
accompanying stopping response) the lights were turned on and subjects were given a 
break of approximately 30 seconds.  Velocity steps of 90˚/s were chosen as these provided a 
vestibular stimulus that was clearly supra-threshold and for comparison with previous 
studies utilising the same technique (Bertolini et al., 2011; Grunfeld et al., 2003; Okada et 
al., 1999).  
Vestibulo-ocular (VOR) responses were measured with EOG (for signal processing details 
please see page 32). In brief, EOG records eye position data which is then converted into 
slow phase eye velocity data. The resultant SPV curve is manually inspected for artefacts, 
which are then removed. Artefacts may include blinks and those resulting from the 
desaccading process – when the slow phase of nystagmus is of a comparable velocity to the 
fast phase the desaccading process removes both slow and fast phases, rather than the fast 
phase alone, creating an artefact in the SPV curve. For examples of the raw eye position, 
differentiated and SPV eye movement traces please see Figure 1.2.   
Figure 2.1 illustrates the experimental set up for the supra-threshold vestibular test. 
Perceptual responses were measured by subjects turning a tachometer wheel after the 
accelerations/decelerations according to their perceived rotational velocity. After 
familiarising themselves with the apparatus, subjects were instructed to turn the wheel at 
maximal speed on starting (or stopping) rotation, as these are the points of maximal 
subjective (and ocular) angular velocity. They were then told to reduce the wheel turning 
speed gradually as they feel their own perceived rotational velocity slow down and to stop 
turning the wheel when they feel that they had stopped. The procedure feels completely 
natural and intuitive to the subjects and it has been validated in a number of normal and 
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patient studies (Bronstein et al., 2008; Grunfeld et al., 2003; Seemungal et al., 2007; Sinha et 
al., 2008). In addition, a previous study carried out by Sinha and colleagues (2008) compared 
three methods of measuring perceived angular velocity at supra-threshold level including, 
the method of wheel turning used currently, in addition to button pushing and changing the 
static position of a dial. All three methods shows similar quantitative measures of vestibular 
perception, suggesting that any motor components that may be involved in the turning of 
the tachometer wheel do not bias vestibular perceptual measurements.  
 
The tachometer wheel used to communicate vestibulo-perceptual responses is an optical 
encoder which gives out, from its control box where it is decoded, a velocity signal. The 
encoder is an incremental encoder and gives a stream of pulses, along with a direction 
pulse. The decoder counts the frequency of the pulses from the encoder and gives an 
output proportional to that. 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 - Experimental set up for the supra-threshold vestibular test. Subjects are seated in a rotating chair, 
with a chair-mounted hand held tachometer wheel apparatus (as in Okada et al., 1999) and rotated at 90°/s 
velocity steps to the right and left.   
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The tachometer output produces an overall exponentially decaying curve indicating the 
subject’s perception of self rotation. Although the peak (amplitude) of the perceptual curve 
is uncalibrated, this test allows accurate measurement of the time constant of decay of the 
vestibular response as derived from a fitted exponential. Additional direct measurements 
(i.e. not requiring the assumption of an exponential decay) are duration of the response and 
the ‘area under the curve’ (AUC) of the amplitude-normalised tachometer-wheel trace. 
Before calculation of time constant, duration or AUC measurements the raw velocity 
tachometer wheel trace is manually inspected and any artefacts present, resulting from any 
‘jerky’ hand movements when turning the wheel, are removed. For comparison, 
measurements of the dominant time constant, duration and area under the curve of the 
amplitude-normalised slow phase eye velocity are also taken. Duration measurements were 
calculated as time taken from initial onset for the responses to return to baseline. As with 
the threshold analysis, any spontaneous nystagmus present is included in baseline 
responses and thus was excluded from time constant, duration and area under the curve 
measurements. No order effects were observed and, in contrast to previous studies that 
used a chair that was not vibration free (Okada et al., 1999), there are no consistent 
differences between starting and stopping responses in the current experiment. Therefore 
all rotations were averaged together according to response direction (for example, right 
rotation = left stopping).  
EOG (vestibulo-ocular), tachometer-wheel and rotating chair tachometer signals were 
acquired online and stored on a non-networked computer at a sampling rate of 250 Hz.  
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Time constant calculation for supra-threshold perceptual and VOR responses 
Exponential curves were fitted to the decay portion of both perceptual and VOR outputs 
(peak response to return to baseline). The dominant time constant for both VOR and 
perception was derived from a maximised r2 goodness of fit value, reflecting a time constant 
with the best fit to the original data.  
Time constants for vestibulo-perceptual responses were calculated using a curve fitting tool 
in Matlab (Mathworks, Inc.), which automatically fits an exponential curve to data using a 
non-linear least squares formulation. This automatic curve fitting tool was used for 
perceptual data in order to avoid any experimenter bias in curve fitting due to variability in 
perceptual response curves across subjects (Bertolini et al., 2011). The grand average curve 
for supra-threshold perceptual responses (Figure 2.4) shows a good exponential curve fit - 
mean r2=0.98 for normal subjects and r2=0.97 for patients (contralesional and ipsilesional). 
Individual fitted time constants across subjects had a mean r2 of 0.95 for both normal 
subjects and patients. An example of the MATLAB exponential curve fit for a supra-
threshold perceptual response is shown below for an acute VN patient.  
 
 
 
 
 
 
 
Figure 2.2 – Supra-threshold perceptual response (tachometer wheel output) of an acute VN patient 
(contralesional rotations), with fitted exponential curve using MATLAB. 
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Exponential curves were fitted to VOR responses using an in-house analysis program 
(ANALYSIS, copyright 2000, Dave Buckwell) that allowed a manually interactive change of fit 
in order to achieve the best r2 value, reflecting a time constant with the best fit to the data. 
Mean r2 for normal subjects is 0.99, and for patients is 0.97 for contralesional responses, 
and 0.96 for ipsilesional. An example of an exponential curve fitted in ANALYSIS is shown 
below.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 – Supra-threshold vestibulo-ocular (VOR) response of an acute VN patient (contralesional rotation), 
with fitted exponential curve using ANALYSIS. 
 
Statistical analysis 
All patients were compared to normals using one-way ANOVA’s for both perceptual and 
VOR, acute and recovery stage data. Contralesional responses correspond to rotations 
towards the healthy side and ipsilesional, for rotations towards the affected side. Normal 
responses to right and left rotations were compared to patients' contralesional and 
ipsilesional responses, respectively. In order to maximise number of patients included in 
analysis separate 2x2 repeated measures ANOVA's were carried out for acute and recovery 
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stage data, with factors – 1. Response type, with two levels - perception and VOR. 2 - 
Rotation direction, with two levels - contralesional and ipsilesional, and between-subjects 
factor - patients versus normals. In addition, 2x2x2 repeated measures ANOVA's were 
carried out in order to statistical test for differences between the acute and recovery stages. 
This ANOVA therefore included an additional factor - Stage, with two levels - acute and 
recovery. Analysis was carried out for all measurements (time constant, duration and 
normalised AUC). Two patients were excluded from analysis at acute and recovery stages, 
due to technical problems in the acquisition of VOR data. Patient and normal data for both 
perceptual and VOR supra-threshold responses was normally distributed (p>0.05). 
Significance level is p=0.05 (SPSS Inc. Version 18).  
 
Results 
Acute stage  
Figure 2.4 shows acute results, as grand averages for illustration purposes. The bottom 
panel shows the vestibulo-ocular (VOR) response data with the expected reduction in time 
constant (i.e. shortening of the response, particularly ipsilesionally). The top panel in Figure 
2.4 illustrates a notably different pattern in vestibulo-perceptual responses. Both 
ipsilesional and contralesional perceptual responses are shorter than those of the VOR and 
are remarkably symmetrical (also observed in AUC and duration measurements, Figure 2.5). 
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Figure 2.4 - Grand averages of supra threshold perceptual (top; arbitrary units) and VOR responses (bottom; 
slow phase eye velocity, °/s) of patients in the acute stage after VN, for contralesional and ipsilesional 
rotations.  Following acceleration/deceleration (time ‘0’) both the perceptual and VOR curves decay 
exponentially.  Note symmetrical and shorter time constants for perceptual data despite grossly asymmetrical 
ocular responses.  Dotted line traces represent VOR and perceptual responses for 31 age-matched normal 
subjects.   NB: Time constants are based on grand average curves and so values are different to those shown in 
Figure 2.5. 
 
Figure 2.5 shows group acute results for time constant, duration and AUC measurements. 
Patient responses were bilaterally significantly shorter than normals for both VOR [time 
constant – contralesional, F(1,60)=32.85, p<0.001, ipsilesional, F(1,60)=52.28, p<0.001; 
duration – contralesional, F(1,60)=31.28, p<0.001, ipsilesional, F(1,60)=69.71, p<0.001; AUC 
– contralesional, F(1,60)=37.04, p<0.001, ipsilesional, F(1,60)=42.41, p<0.001] and 
perception [time constant – contralesional, F(1,58)=18.17, p<0.001, ipsilesional, 
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F(1,58)=14.67, p<0.001; duration – contralesional, F(1,58)=20.78, p<0.001, ipsilesional, 
F(1,59)=13.91, p<0.001; AUC – contralesional, F(1,58)=7.98, p=0.006, ipsilesional, 
F(1,59)=5.66, p=0.021]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 - Group averages and standard errors for supra-threshold perceptual and VOR responses to 90°/s 
velocity step rotations in acute VN patients. Time constant, duration and area under the curve (AUC) 
measurements are shown for both contralesional and ipsilesional rotations. Shaded bands represent the 95% 
confidence interval for 31 age-matched normal subjects.  
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The repeated measures ANOVA’s showed significant main effects of perception versus VOR 
[time constant – F(1,58)=29.14, p<0.001; duration – F(1,59)=31.14, p<0.001; AUC – 
F(1,58)=4.38, p=0.041], revealing perceptual responses to be significantly higher than VOR. 
This finding was consistent across patients and normals (perception-VOR*patients-normals 
interaction = ns). Overall patients contralesional responses were significantly higher than 
ipsilesional responses, shown by significant main effect of contralesional versus ipsilesional 
[time constant – F(1,58)=6.39, p<0.014; duration – F(1,59)=10.78, p=0.002; AUC – 
F(1,58)=6.71, p=0.041]. However, significant interaction effects show this asymmetry differs 
between perceptual and VOR responses of patients and normals [perception-
VOR*contralesional-ipsilesional*patients-normals - time constant - F(1,58)=8.70, p=0.005; 
duration - F(1,59)=10.02, p=0.002; AUC -  F(1,58)=6.71, p=0.01]. Whereas responses in 
normals for both perception and VOR are symmetrical, patient VOR and perceptual 
responses differ in degree of asymmetry. Patient VOR responses consistently show 
asymmetry across measures (time constant, duration and normalised AUC), in contrast to 
perceptual responses which are largely symmetrical (Figure 2.5).  
 
Recovery stage 
Figure 2.6 shows the change in perceptual and VOR responses in patients between acute 
and recovery stages, in addition to normal data. At the recovery stage vestibulo-perceptual 
responses of patients normalise bilaterally. However, VOR responses remain highly 
significantly abnormal for both contralesional [time constant - F(1,53)=7.32, p=0.009; 
duration - F(1,53)=15.61, p<0.001; area under the curve - F(1,53)=4.49, p=0.04] and 
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ipsilesional [time constant, F(1,53)=13.75, p=0.001; duration F(1,53)=24.13, p<0.001; area 
under the curve F(1,53)=11.88, p=0.001] rotations. 
The repeated measures ANOVA’s show main effects of perception versus VOR [time 
constant – F(1,53)=14.72, p<0.001; duration – F(1,53)=19.14, p<0.001; AUC – ns] and 
contralesional versus ipsilesional [time constant – F(1,53)=4.62, p=0.04; duration – 
F(1,53)=7.89, p<0.007; AUC – F(1,53)=5.85, p=0.02]. Significant interaction effects of 
perception-VOR*contralesional-ipsilesional*patients-normals are present across measures 
[time constant - F(1,53)=6.02, p=0.02; duration - F(1,53)=4.55, p=0.04; AUC - F(1,53)=9.03, 
p=0.004], reflecting the continuing symmetrical/asymmetrical nature of perceptual/VOR 
responses in patients.  
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Figure 2.6 - Group averages and standard errors showing change in supra-threshold vestibular perceptual and 
VOR responses from acute to recovery stages in VN patients. Time constant, duration and area under the curve 
(AUC) measurements are shown for both contralesional and ipsilesional rotations. Shaded bands represent 
95% confidence interval of the mean for 31 age-matched normal subjects.  
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The 2x2x2 ANOVA analysis also revealed a main effect of acute versus recovery stages [time 
constant  - F(1,21)=16.11, p=0.001; duration - F(1,21)=10.41, p=0.004; area under the curve - 
F(1,21)=17.76, p<0.001], highlighting a significant overall increase in patient responses from 
acute to recovery stages. Significant interaction effects for perception-VOR versus 
contralesional-ipsilesional [time constant - F(1,21)=4.53, p=0.045; duration - F(1, 21)=8.81, 
p=0.007; area under the curve - F(1,21)=7.41, p=0.013] further substantiate findings of 
symmetrical perceptual responses, in the presence of asymmetrical VOR responses at both 
acute and recovery stages.    
In summary, there is dissociation between patient perceptual and VOR supra-thresholds 
responses in the acute stage after VN. VOR responses are asymmetrical with contralesional 
responses higher than ipsilesional. In contrast, perceptual supra-threshold responses are 
symmetrical acutely, despite the VOR asymmetry present. At recovery, both perceptual and 
VOR responses increase toward normal levels, with a concurrent reduction in asymmetry. 
However, findings at the recovery stage continue to show a trend toward asymmetrical VOR 
responses and symmetrical perceptual responses.  
 
Relationship between supra-threshold vestibular responses and peripheral vestibular 
function   
Multiple correlational analysis was carried out to assess the relationship between peripheral 
function (caloric) and the supra-threshold vestibular test. As expected, there was an 
association between the magnitude of the canal paresis and acute supra-threshold 
vestibulo-ocular (VOR) responses. . Acutely, patients with more severe canal paresis tended 
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to have a larger vestibulo-ocular asymmetry during velocity steps (duration, R2=0.11, 
p=0.07; area under curve, R2=0.2, p=0.038) and shorter mean vestibulo-ocular responses 
(duration, p=0.075; time constant, p=0.028; area under curve, p=0.049). At recovery stage, 
mean vestibulo-ocular supra-threshold responses correlated with canal paresis (duration, 
R2=0.33, p=0.004; area under the curve, R2=0.19, p=0.038; time constant, R2=0.28, 
p=0.009) and average caloric response (duration, R2=0.22, p=0.022; area under the curve, 
R2=0.24, p=0.017; time constant, R2=0.32, p=0.005). 
In contrast there was no correlation between caloric tests and supra-threshold perceptual 
responses in acute or recovery stages.  
 
Relationship between threshold and supra-threshold vestibular responses 
Vestibulo-ocular responses: acutely, threshold and supra-threshold results are negatively 
correlated (R2=0.52, p<0.001). Patients with higher vestibulo-ocular thresholds show 
decreased vestibulo-ocular supra-threshold responses. In the recovery stage there is no 
association between oculomotor threshold and supra-threshold responses. 
Vestibulo-perceptual responses: threshold and supra-threshold tests are not associated. 
 
Discussion 
The results demonstrate a markedly different pattern of recovery for vestibulo-ocular and 
vestibulo-perceptual supra-threshold vestibular function in the acute stage after VN. We 
found a bilateral but considerably asymmetrical reduction in vestibulo-ocular responses in 
the acute stage. Although, at the recovery stage VOR function increased towards normal 
74 
 
levels and a reduction in asymmetry was noted, perceptual measures of vestibular function 
showed consistently symmetrical responses in both acute and recovery stages. 
The data demonstrates dissociation between conventional oculomotor measures of 
vestibular function (VOR) and vestibulo-perceptual responses in patients with AVN, despite 
the fact that these were obtained simultaneously in each subject. The most striking 
difference arises when comparing the symmetry of these two responses, particularly in the 
acute stage. The novel finding is that vestibulo-perceptual responses are remarkably 
symmetrical and bilaterally suppressed, despite the well known (Baloh et al., 1984; 
Brantberg and Magnusson, 1990; Magnusson et al., 1989) asymmetry found in the VOR 
response.  
The VOR is a brain stem reflex (Raphan and Cohen, 2002) under strong cerebellar control, 
particularly during recovery stages following labyrinthine lesions (Aleisa et al., 2007; 
Beraneck et al., 2008). The abnormal pattern of the ocular responses to velocity steps in 
acute VN patients (as with experimental labyrinthectomy) has been previously noted 
(Brantberg and Magnusson, 1990; Vibert et al., 1993); including the observation that not 
only ipsilesional but also contralesional VOR time constants are shortened (Baloh et al., 
1984; Magnusson et al., 1989). However the mechanisms by which perceptual signals are 
processed and whether these signals undergo processing similar to the VOR is still a subject 
of debate.  
A number of studies have sought to compare ocular and perceptual vestibular responses 
(Bertolini et al., 2011; Okada et al., 1999; Sinha et al., 2008), and more specifically whether 
the velocity storage mechanism (Raphan et al., 1979) that serves to prolong VOR responses 
to constant angular velocity may also contribute to self-motion perception. Studies in 
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normal (Okada et al., 1999; Bertolini et al., 2011) and cerebellar deficient (Bronstein et al., 
2008) subjects argue that vestibular perceptual and VOR responses undergo similar central 
processing, via the brain stem velocity storage integrator. However, due to the perceptual 
and reflexive nature of the two responses, processing pathways should diverge at some 
level, and our data, showing dissociation between vestibulo-ocular and vestibulo-perceptual 
supra-threshold responses, proves this point. Furthermore, dissociation between vestibular 
reflex and perceptual responses during recovery has been shown in a single case report of a 
patient with Miller-Fisher syndrome (Seemungal et al., 2011). 
 
Threshold and supra-threshold vestibular perception 
 In addition to the divergence of supra-threshold VOR and perceptual responses, current 
results show dissociation between threshold and supra-threshold perceptual responses in 
acute VN. Perceptual thresholds are found to be similar to VOR thresholds and 
asymmetrically increased after VN, suggesting that vestibular threshold responses involve 
simpler detection processes dictated by the characteristics of the peripheral receptor. In 
contrast, supra-threshold perceptual responses show dissociation from VOR responses and 
are symmetrically and bilaterally reduced in acute VN, despite the large VOR asymmetry 
present.  
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Figure 2.7.A - Schematic illustration of a possible model of threshold and supra-threshold vestibular perception 
in acute VN. Dashed black line represents processing pathway for threshold stimuli. Solid line represents 
processing pathway for supra-threshold stimuli. Cortical regions found to be involved in processing of signals 
relating to self-motion are identified. The red box contains graphical representation of the postulated change 
in supra-threshold perceptual time constants, with blue lines corresponding to contralesional rotations and 
red lines to ipsilesional. 
 
One possibility, shown in figure 2.7.A, is that a divergence in the processing of threshold and 
supra threshold stimuli occurs as early as the vestibular afferents. Vestibular afferents have 
been found to contain both regular and irregularly firing afferents (Goldberg and Fernandez, 
1971), with specific morpho-physiological characteristics and distinct response dynamics 
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(Goldberg, 2000). Irregular canal afferents act as 'event detectors', whereas regularly firing 
afferents are suitable for encoding more long-lasting sensory signals (Sadeghi, 2007 10 /id). 
If  divergence of threshold and supra-threshold stimuli processing occurs at this point early 
in the brain stem, current results would suggest that information regarding threshold 
stimulation reaches reach the cortex via a fast three-neuronal vestibulo-thalamic-cortical 
pathway  (Zwergal et al., 2009) with little or no additional processing.  However, supra-
threshold stimuli may undergo additional processing via cerebellar (Bronstein et al., 2008) 
(Figure 2.7.A) or possibly, thalamic (Marlinski and McCrea, 2009) mechanisms, which have 
both been shown to play a role in self-motion perception.  
However, this model has a number of limitations. Vestibular nuclei units receive input from 
both regular and irregularly firing vestibular afferents, with the discharge regularity of these 
vestibular neurons not necessarily reflecting their afferent input (Goldberg, 2000). Secondly, 
although the cerebellum is shown to be involved in self-motion perception, patients with 
midline cerebellar lesions show similar shortening of time constants in perceptual and VOR 
responses  (Bronstein et al., 2008). Current findings show dissociation between VOR and 
perceptual supra-threshold responses, suggesting that supra-threshold responses undergo 
additional processing at a higher level within the vestibulo-cortical pathway. This conclusion 
is further supported by our caloric data correlating well with supra-threshold vestiblo-ocular 
but not vestibulo-perceptual responses. 
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Figure 2.7.B - Schematic illustration of an alternative model of threshold and supra-threshold vestibular 
perception in acute VN. Cortical regions found to be involved in processing of signals relating to self-motion 
are identified. The postulated change in supra-threshold perceptual time constants is shown in the red box, 
with blue lines corresponding to contralesional rotations and red lines to ipsilesional. Red curved dashed lines 
and red arrows represent intracortical inhibitory circuits acting upon vestibulo-cortical areas involved in supra-
threshold self motion perception. 
 
Figure 2.7.B, provides an alternative conceptual model of vestibular perceptual processing, 
and shows threshold and supra-threshold stimuli processed via the same vestibulo-cortical 
pathway. Although studies show functionally specific vestibular processing pathways from 
the vestibular nuclei to the cortex, these relate to divergence between otolith/canal signals, 
and motor control/perception (Zwergal et al., 2009), rather than threshold versus supra-
threshold angular velocity signals. At the cortical level, little is known about exactly how 
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information regarding angular velocity self-motion perception is processed. However, a 
number of studies have identified cortical areas likely to be involved in self-motion 
perception in the temperoparietal and insula regions (shown in Figure 2.7). These areas 
show activation during rotatory vestibular stimulation (Guldin et al., 1992; Bottini, 1994) 
(Fasold, 2002) and evoke vestibular percepts of self-motion when lesioned (Brandt, 1995) 
(Urasaki and Yokota, 2006). Studies utilising repetitive transcranial magnetic stimulation 
have shown that stimulation of the posterior parietal cortex detrimentally affects 
performance on path integration and spatial navigation tasks (Seemungal et al., 2008) 
(Seemungal et al., 2009). In contrast, there was found to be no effect on angular velocity 
self-motion perception.  Although, these findings may suggest functionally discrete cortical 
areas responsible for spatial navigation and angular velocity perception, there is little 
evidence to suggest distinct cortical processing areas based on the intensity of the angular 
velocity stimulus. We postulate that, rather than being resultant from separate vestibulo-
cortical pathways or functionally discrete cortical targets, divergent threshold 
(asymmetrical) and supra-threshold (symmetrical) perceptual responses in acute VN may be 
resultant from cortical mechanisms acting specifically upon supra-threshold perceptual 
sensations via the process of habituation.  
Vestibular habituation occurs when vestibular responses to a stimulus become shorter after 
repeated presentations of that stimulus (Collins, 1973). The severe rotational vertigo that 
patients experience in acute VN may induce a shortening of supra threshold perceptual 
responses, via a process of habituation. Indeed, it is argued that the role of habituation be 
that of protection against cortical overstimulation (Kandel et al., 2000) and that reduced 
habituation may be due to the inefficiency of intra-cortical inhibitory circuits (Palermo et al., 
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2011). In the case of acute VN, such a process would provide a protective and beneficial role 
for the individual affected with intense vertigo.  
Recent work comparing single unit cortical recordings and spatial psychophysics in monkeys 
have only been carried out in intact animals (Chowdhury et al., 2009; Purushothaman and 
Bradley, 2005) and those with bilateral labyrinthectomy (Gu et al., 2007) so our human 
findings may prompt further experimental animal neuronal recordings.  
In summary, our findings show supra-threshold vestibular perception to be dissociated from 
brain stem reflex responses in the acute stage of vestibular neuritis. The impact of vestibulo-
perceptual function on symptomatic outcome during the recovery stages following acute VN 
will be explored in chapter 5. However, the bilateral shut down of supra-threshold 
vestibular perception acutely provides evidence that higher order cortical mechanisms are 
actively engaged in vestibular compensation and vertigo suppression.  The net effect 
created by these acute vestibulo-cortical changes amounts to a ‘perceptual shut down’ 
which, in turn, should help in suppressing vertigo and its aggravation by head motion that 
vestibular patients experience.  
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Chapter 2.1 
Habituation of Vestibular Perception 
Aim and background  
In light of the bilateral suppression found in supra-threshold vestibular perception in the 
acute stage of VN (Staab, 2007), we aimed to probe experimentally whether perceptual 
supra-threshold responses could be reduced asymmetrically.  By doing so we may also 
provide validation of the experimental technique used in the assessment of supra-threshold 
angular velocity perception in acute VN patients. Furthermore, this experiment may serve to 
further substantiate our findings of bilateral supra-threshold perceptual suppression in 
acute VN patients, by investigating the extent to which vertiginous sensations evoke a 
bilateral suppression of supra-threshold perception in normal subjects.  
 
The ability of the VOR to adapt is well known and when exposed to externally applied 
repetitive stimuli it shows adaptive, plastic modifications. Previous studies have 
documented asymmetrical reductions in the gain and time constant of the VOR in response 
to unilateral vestibular and optokinetic stimulation (Clement et al., 1981; Jeannerod et al., 
1981; Usami et al., 1988). Reversal of the field of vision (for example, optically induced by 
prisms) during natural head movement has also been shown to induce a 20% attenuation of 
the VOR in the short term and in the long term has even resulted in eventual reversal of the 
VOR (Melvill Jones and Gregory, 1977). Attenuation of the VOR has also been found after 
extended periods of VOR suppression, for example, prolonged rotations whilst viewing a 
chair-fixed target (Bloomberg et al., 1991). Habituation of nystagmus, along with a 
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reduction in sensations of rotations, is also found in experienced ballerinas (Dix and Hood, 
1969; Fukada et al., 1967; Osterhammel et al., 1968), fighter pilots (Aschan , 1954) and 
figure skaters (Collins, 1966).  
As previously noted, habituation results for perceptual responses are mixed. Bilateral 
shortening of responses occurs in response to bidirectional stimuli (Clement et al., 2008; 
Grunfeld et al., 2000), however some studies also show bilateral perceptual habituation in 
response to unilateral rotational stimuli (Clement et al., 2008; Viaud-Delmon et al., 1999).  
During this experiment we investigated whether it was possible to produce an asymmetrical 
reduction in supra-threshold vestibulo-perceptual responses via a habituation protocol 
consisting of unilateral vestibular stimulations resulting in visuo-vestibular conflict.  
 
Subjects and method 
Twelve normal subjects ranging from 22 to 60 years of age (mean 30.3 years, 5 females) 
with no history of neurological or otological problems participated in the experiment. The 
experimental design consisted of three phases. Firstly subjects carried out the supra-
threshold vestibular perception test (pre-test), in which responses to supra-threshold 
stimuli (90°/s rotational steps) were assessed. Subjects then underwent the habituation 
protocol. Finally, subjects repeated the supra-threshold vestibular test (post-test). Details 
will be provided immediately below.  
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Pre and post testing 
Immediately before and after the habituation protocol all subjects carried out the supra-
threshold vestibular perception test (full details of method and analysis given in Chapter 2). 
The gain of the VOR was also measured at each stage (pre and post test). The effect of the 
habituation stimulus on supra threshold vestibular responses was investigated by directly 
comparing vestibular responses before (pre-test) habituation to those after (post-test).  
 
Habituation protocol 
After completion of the supra-threshold vestibular test subjects underwent the habituation 
portion of the experiment. Subjects remained seated in the rotating chair and were given 10 
unidirectional rotations in the dark. Subjects were rotated at a constant sub-threshold 
acceleration (0.4°/s2) for 225 seconds until a constant velocity of 90°/s was reached. The 
chair was then stopped (deceleration <1 second - equivalent to a 90°/s velocity step) and 
the lights were turned on simultaneously. Six subjects received 90°/s stopping accelerations 
to the left (sub-threshold acceleration to the right) and six received stopping accelerations 
to the right (sub-threshold acceleration to the left). Subjects did not report any sensation of 
movement during the sub-threshold acceleration phase of the rotation. This protocol 
allowed unidirectional stimulation of the vestibular system via the repetitive 90˚/s velocity 
steps, which were always in the same direction for each subject.   There was a break of 
approximately 1 minute between rotations and the subsequent rotation was only started 
when subjects indicated verbally that the vertiginous sensations from the previous rotation 
had ceased. Subjects were instructed to make sure their eyes were open during the 
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stopping stimulus and were warned that even though they may feel dizzy they should keep 
their eyes open and inform the experimenter when the vertigo sensation had stopped.  
 
Statistical Analysis 
In order to investigate whether the unilateral habituation protocol resulted in an 
asymmetrical reduction in responses, vestibulo-perceptual and vestibulo-ocular responses 
to supra-threshold stimuli were compared before (pre-test) and after (post-test) the 
habituation protocol. Responses were normalised for direction of the habituation stimulus 
[repetitive 90˚/s rotations (stopping responses) given during the habituation protocol]  – i.e. 
responses were analysed for (i) rotations in the same direction as the habituation stimulus, 
(ii) rotations in the opposite direction to the habituation stimulus. Repeated measures 
2x2x2 ANOVA’s were carried out with three factors. Factor 1: Response type, consisted of 
two levels, vestibulo-perceptual and vestibulo-ocular. Factor 2: Response direction, 
consisted of two levels, same as repetitive habituation stimulus (Same-HS) and opposite to 
repetitive habituation stimulus (Opp-HS). Factor 3: Stage, consisted of two levels, pre-test 
and post-test. Changes in VOR gain and percentage asymmetry were also assessed using 
paired-sample t-tests.  
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Results 
Figure 2.1.1 shows average vestibulo-perceptual and vestibulo-ocular (VOR) responses for 
time constant, duration and normalised area under the curve measurements. The results 
show a consistent bilateral reduction in both perceptual and VOR responses after the 
habituation protocol across measurements, regardless of direction of rotation. There is a 
significant main effect of pre versus post tests (time constants – F(1,11)=14.2, p=0.003; 
duration – F(1,11)=13.43, p=0.004; AUC – F(1,11)=17.73, p=0.001), showing that responses 
are significantly reduced overall following the habituation protocol. However, there are no 
significant interaction effects, suggesting that the reduction in responses after habituation is 
similar regardless of laterality (responses in same direction of habituation stimulus versus 
those in the opposite direction) or type of response (vestibulo-perceptual versus vestibulo-
ocular).  
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Figure 2.1.1 - Group averages and standard errors for vestibulo-perceptual and vestibulo-ocular (VOR) 
responses before (pre-test) and after (post-test) the habituation protocol. Averages and standard errors for all 
measurements (time constant, duration and normalised area under the curve) are shown for responses to 
rotations to the same direction as the habituation stimulus (Same-HS) and rotations in the opposite direction 
(Opp-HS). ANOVA analysis shows a significant main effect of pre versus post test responses bilaterally, for both 
perception and VOR.  
 
Figure 2.1.2 shows the change between pre and post testing phases for responses in same 
direction as habituation stimulus (Same-HS) and those in the opposite direction of the 
habituation stimulus (Opps-HS), expressed as a ratio (post-test response/pre-test response) 
so that 1 would correspond to no change in response. There is a trend for responses to 
rotations in the same direction as the habituation stimulus to be reduced further than those 
in the opposite direction, suggesting that the habituation protocol induced a degree of 
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asymmetry in post-test responses. However paired sample t-tests showed these differences 
to be not significant.   
 
 
 
 
 
 
 
 
 
Figure 2.1.2 - Changes in vestibulo-perceptual and vestibulo-ocular (VOR) responses between pre and post 
tests, expressed as ratios (post-test/pre-test), for responses to rotation in the same direction as the 
habituation stimulus (Same-HS) and for rotations to the opposite direction (Opp-HS). There were no significant 
differences between Same-HS and Opp-HS responses, in degree of reduction in responses from pre to post 
tests.   
 
The effect of the habituation protocol on vestibulo-ocular and vestibulo-perceptual 
responses was assessed further by comparing percentage asymmetry between Same-HS and 
Opp-HS responses in the pre and post tests. Percentage asymmetry for time constant, 
duration and normalised area under the curve values are shown in Figure 2.1.3. Negative 
values reflect Opp-HS being more than Same-HS responses. Degree of percentage 
asymmetry was not significant in pre or post test responses.   
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Figure 2.1.3 – Shows average percentage asymmetry and standard errors between responses for rotations in 
the same direction as the habituation stimulus and those in the opposite. Bars represent percentage 
asymmetry in pre and post test responses.  
Mean VOR gain in the pre test was 0.62 (sd 0.16). This slightly decreased at the post test for 
both Same-HS (mean = 0.56, sd = 0.16) and Opp-HS (mean = 0.56, sd= 0.19) responses. The 
change in VOR gain between pre and post tests was not significant for rotations in either 
direction.  
In summary, vestibulo-perceptual and vestibulo-ocular responses show a similar significant 
bilateral reduction after unilateral habituation stimulation. Although there is some evidence 
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to suggest that responses corresponding to the direction of the habituation stimulus are 
reduced further than responses to rotation in opposite direction. The habituation stimulus 
failed to produce any significant asymmetry in vestibulo-perceptual or vestibulo-ocular 
responses. 
 
Discussion 
The results show a bilateral reduction in both vestibulo-perceptual and vestibulo-ocular 
responses after exposure to visuo-vestibular conflict brought about by subjecting subjects to 
a supra-threshold vestibular rotational stimulation (90˚/s velocity step stopping response) in 
the light.  
The bilateral reduction of vestibulo-perception shown in the current study is similar to 
findings of Clement and colleagues (2008), who also found a decrease in vestibular 
sensation for both directions of rotation following a unidirectional habituation protocol. 
However, Clement also found that although vestibulo-perceptual responses were bilaterally 
reduced, VOR time constants were significantly different for the two directions of 
stimulation up to 26 days after the end of the unidirectional habituation protocol. Previous 
studies have also found dissociation between the directional differences in sensations of 
rotation and VOR responses. Aschan (1954) reported reduced perceptual and VOR 
responses in fighter pilots below normal values. The reduction in VOR responses was found 
to be directionally specific, according to which direction the pilot preferred to roll his plane, 
however perceptual responses showed no directional difference in their reduction. A similar 
pattern of vestibular perceptual and VOR responses was found in figure skaters, who 
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showed bilaterally reduced sensations of rotation and directional preponderance in VOR 
responses (Collins, 1966). 
Our data shows significant overall reductions of vestibulo-perceptual and vestibulo-ocular 
responses after uinilateral habituation. Although there is a trend for responses to rotations 
in the same direction as the visuo-vestibular habituation stimulation to show further 
reduction than responses in the opposite direction, this was not significant.  
We were unable to reproduce the dissociation between VOR and perceptual vestibular 
function seen in acute VN, using the present habituation protocol. The lack of asymmetrical 
reduction in VOR responses after the unidirectional protocol may reflect an habituation via 
reduction in the VOR signal at a brain stem level. This may be due to the fact that the visuo-
vestibular conflict induced during the habituation protocol was relatively short lived (for 
example, compared to the constant erroneous vestibular signal supplied from the peripheral 
vestibular afferents during VN). Previous studies that have found asymmetrical reductions in 
VOR response have also used significantly longer habituation protocols, which are carried 
out in multiple sessions run consecutively over a number of days (Clement et al., 2008; 
Jeannerod et al., 1981; Usami et al., 1988), rather than the relatively short protocol used 
currently.  
Results from the present habituation experiment provide some support to findings 
concerning bilateral perceptual suppression in acute VN. In that, in response to situations of 
visuo-vestibular conflict there is a bilateral reduction in supra-threshold perceptual 
responses. Cortical inhibitory mechanisms that serve to suppress disorientating or 
conflicting vestibular perceptual signals would be useful, especially when viewed in light of 
the ecological importance of effective spatial orientation.  
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Chapter 3 
Visual Dependency after Vestibular 
Neuritis 
 
Introduction 
 
The ability to effectively maintain spatial orientation is dependent on the integration of 
visual, vestibular and proprioceptive information, however individuals show variation in 
how sensory inputs are weighted in tasks of orientation (Witkin, 1959). Visual dependency 
(or 'field-dependency') is a personal trait where subjects organise spatial orientation 
preferentially with visual rather than vestibulo-proprioceptive input (Witkin et al., 1954).  
 
Development of the concept of visual dependency 
Witkin and colleagues (Witkin, 1959) first investigated the relative contribution and 
importance of visual and 'bodily' (vestibular) inputs in the perception of upright, with the 
use of a 'tilted room'. The test involves a subject seated in a chair in a specially constructed 
room. Both the room and the chair are tilted and it is the subjects task to direct adjustment 
of the chair to vertical whilst the room remains tilted. If the subject aligns the chair close to 
true vertical then it may be inferred that their perception of upright is derived mainly from 
vestibular/proprioceptive cues and they can be said to be 'field-independent'. Conversely if 
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the chair is aligned in agreement with the axis of the room, then the subject is using visual 
cues to calculate upright and is more 'field-dependent'. A second test used by Witkin did not 
involve the orientation of the subjects body in a chair but required subjects to orientate a 
straight line (rod) to vertical in the presence of a tilted frame, so called the 'rod and frame 
test' (Witkin and Asch, 1948). Similarly to the tilted room test, the visual field and the 
subjects bodily sensations are in disagreement and so how the subject aligns the rod 
indicates what input (visual versus vestibular) they are primarily using in their perception of 
upright. 
The concept of visual field dependency was further enhanced with the development of a 
test that was not reliant upon on perception of upright  and instead required subjects to 
locate simple figures "hidden" within a large complex figure (embedded-figures test,  
(Witkin, 1950). Results from Witkins' studies showed that individuals who had difficulty in 
locating the simple shapes within the complex figure, corresponded to those people who 
also tended to align themselves and the rod with the visual field, rather than using their 
bodily cues (field-dependent subjects). The consistent performance of individuals across the 
three tests (tilted room, rod and frame and embedded figures tests) allowed classification of 
individuals on a broader basis than solely their perception of upright but now also on their 
ability to differentiate objects from their background. Witkin found that individuals tested 
scored on a continuum of perceptual styles ranging in their extremes from, (i) field 
dependent, where subjects showed a 'passive submission to the dominance of the 
background' (Witkin, 1959) and used visual rather than inertial cues in spatial orientation 
tasks, or (ii) field independent, if subjects performance reflected abilities to disregard the 
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dominating visual input and they utilised information from bodily sensations in orientation 
tasks.  
 
Visual input and balance control 
The visual system makes an important contribution to balance control (Berthoz et al., 1979; 
Lee, 1980; Redfern et al., 2001) and numerous studies have documented postural sway 
induced by visual stimulation (Bronstein, 1986; Dijkstra et al., 1994; Lestienne et al., 1977; 
Paulus et al., 1984; van Asten et al., 1988). The measurement of postural sway via 
posturography techniques allows quantification of the subject’s ability to maintain balance 
control. By manipulating the available sensory input, through alteration of visual and 
proprioceptive information, posturography measurements can provide insight into the 
central nervous systems ability to adaptively maintain balance via mechanisms of sensory 
integration. Sensory re-weighting mechanisms located centrally serve to combine sensory 
inputs and are responsible for weighting them according to relevance and reliability in 
instances when certain sensory information is not available (for example, when the eyes are 
closed) or inaccurate (for example, in the case of VN). Although it is not well understood, a 
number of models have been put forward to describe the sensory re-weighting mechanism. 
Peterka (2002) described sensorimotor integration in terms of a multi-sensory feedback 
model and argues that feedback control mechanisms are the dominant contributors to quiet 
stance control. However Fitzpatrick (1996) argues that feed-forward predictive mechanisms 
are also required to explain postural control behaviour. Rather than a mechanism that 
operates in terms of fixed combinations of sensory-orientation information, the process of 
sensory integration is likely to be one based on a dynamic reweighting of sensory 
contributions to postural control (Peterka and Loughlin, 2004). Patients with basil ganglia 
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and cerebellar lesions are incapable of down regulating visual information and show 
increased postural sway in the presence of disorientating visual stimuli (Bronstein et al., 
1990; Gatev et al., 1996), highlighting the importance of these structures in the sensory re-
weighting process.  
The relative contribution of static versus dynamic visual cues has been investigated in 
studies carried out by Amblard and colleagues (1985) who suggest that static visual cues 
contribute primarily to reorientation of the upper body, whereas dynamic visual cues are 
important in the rapid stabilisation of the whole body. The tilted scenes used within the 
tilted room and rod and frame tests outlined earlier in this chapter represent static cues and 
introduce a visuo-vestibular conflict in spatial coordinates between those of the visible 
contours of the room and rod, and those of gravity.  The dynamic counterpart to the rod 
and frame test is the rod and disk test (Dichgans et al., 1972), in which subjects must 
attempt to align a rod to vertical in the presence of a rotating visual surround consisting of 
dots. Conversely to the rod and frame test, the surround gives no cues to visual orientation 
that conflict with gravity. It has been shown that found that a rotational movement of a 
visible background significantly affects apparent verticality (Dichgans et al., 1972; Hughes et 
al., 1972), with the visual motion of the back ground inducing tilting of the rod. Dichgans 
also found the moving visual surround to influence, not only visual orientation, but also 
postural orientation. Subjects were tilted in a moving-base airplane trainer and were 
subjected to a visual motion stimulus. When instructed to orientate the position of the 
trainer to upright using a control stick, Dichgans found that subjects tilted the trainer in the 
direction of the moving stimulus. Both the tilt of the visual and postural orientations during 
visual motion stimulation suggests that a shift occurs in the internal representation of 
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gravity. The degree to which this motion induces tilt would indicate to what degree that 
subject is visually dependent.  
 
Visual dependency and vestibular dysfunction 
Various studies report vestibular patients suffering from ‘visual vertigo’ in the long term 
stages following vestibular insults, where symptoms of dizziness and disorientation are 
brought on by complex or moving visual surroundings, for example supermarket aisles and 
traffic (Bronstein, 1995; Bronstein, 2002; Pavlou et al., 2006). The prevalence of these 
symptoms is such, that the syndrome has been classified by several authors as space and 
motion discomfort (Jacob et al., 2009), visual vertigo (Bronstein, 2004), visuo-vestibular 
mismatch (Longridge and Mallinson, 2005) and visually-induced dizziness (Bisdorff et al., 
2009). These chronically symptomatic vestibular patients show increased visually-induced 
dizziness and show abnormally large perceptual and postural responses to disorientating 
visual stimuli (Bronstein, 1995; Longridge et al., 2002; Redfern and Furman, 1994). These 
symptoms are thought to be mediated by increased visual dependency stemming from an 
inability to resolve conflicts between visual and vestibulo-proprioceptive inputs (Guerraz et 
al., 2001). Such ineffective compensation strategies employed after vestibular injury hinder 
recovery and can cause continuing chronic symptoms. Those patients suffering from visual 
vertigo in the chronic stages after vestibulopathy have been found to benefit from 
vestibular rehabilitation (Pavlou et al., 2004), where optokinetic stimuli and exercises 
involving visuo-vestibular conflict are used in order lower visual dependency and visual 
vertigo symptoms arising from a hyper-sensitivity to visual motion (Bronstein, 2004).   
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Various studies have documented visual dependency in the chronic stages after vestibular 
injury, however relatively little is known about the role of visual dependency in the acute 
and early compensation stages after vestibular injury and its relationship to symptoms. 
The current study aims to measure visual dependency in the acute and recovery stages of 
vestibular neuritis, with the use of the rod and disk test.  
 
Method 
Patients were tested in the acute and recovery stages of VN (for patient details please see 
Clinical Material section) and compared to normal subjects (mean age 41.3 years, range 22-
72, 16 females). 
Visual dependency was measured with the rod and disk test (Dichgans et al., 1972), which 
assesses the effect of optokinetic stimulation on the subjective visual vertical. The subjects 
viewed a luminous rod and background, consisting of dots on a laptop screen in a dark room 
through a cone (diameter = 15cm) in order to restrict the visual field (38.3˚, Figure 3.1).  
 
 
 
 
 
 
 
 
Figure 3.1 - Laptop based set up for the rod and disk test, shown with a subject viewing the screen through a 
field restricting cone. Please note - subjects carried out the visual dependency test in a darkened room. 
97 
 
Figure 3.2 shows the screen view of the rod and disk test. Subjects were asked to align the 
rod to their perceived gravitational vertical, with the background static and moving. The rod 
was initially tilted to either the right or left (+/-40˚) and in each trial the subject was 
instructed to align the rod without time constraints to vertical using a roller wheel on a 
mouse. Subjects completed 4 trials in each of 3 conditions - background static and rotating 
to the right and to the left (30˚/s).  Degree of visual dependency was calculated by 
subtracting the average degree error (compared to gravitational vertical) in the static trials 
from the degree error in moving trials. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 - Screen view of rod and disk test, with luminous rod and dots.  The rod is set at an angle. Subjects 
are then asked to align the rod to vertical in both static trials, where the dots are stationary and moving trials, 
where the dots rotate to the right/left around the rod.  
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Validation of laptop based rod and disk test 
 
In order to validate the experimental set-up used within the current study, a cross-sectional 
group of patients in the chronic phase of VN (N=27, >6 months after onset) were tested 
(mean age 52.4, range 22-72, females 12). In 17 patients diagnosis was confirmed in the 
acute stage of VN. The remaining 11 patients were recruited from an outpatients Neuro-
otology clinic at Charing Cross Hospital and diagnosis was confirmed by detailed clinical 
history carried out by an experienced neuro-otologist and in three patients, clinical history 
was supplemented by completion of a retrospective VN questionnaire (Appendix I). This 
questionnaire consists of questions pertaining to the acute incident and serves to further 
clarify diagnosis of VN.  
 
Visual dependency was assessed in all subjects in order to investigate the ability of the 
laptop based rod and disk test to discriminate between VN patients and normal controls, 
and also those chronic VN patients who have recovered well and those who have not. All 
patients completed the Dizziness Handicap Inventory questionnaire (DHI, Jacobson and 
Newman, 1990), which measures the perceived handicapping effects of dizziness symptoms 
(described fully in Chapter 4). A higher score (range 0-4) on the DHI denotes more severe 
handicap.  
 
The VN patients were then ranked according to their DHI score and two groups were 
selected - the third of patients with the highest DHI score (N=9; mean age 54.7, range 31-71, 
females 5, mean DHI score = 2.04) and the third of patients with the lowest [N=9;  mean age 
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49.3, range 22-66, females 3, mean DHI score = 0 (asymptomatic)]. Visual dependency levels 
in the two VN patient groups were then compared to nine age matched normal subjects 
(mean age 49.7, range 28-65, females 4) using one-way ANOVA's. Results are shown in 
Figure 3.3.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 - Average visual dependency level, with standard errors are shown for: Highest DHI group (N=9) - 
the third of patients scoring highest on the DHI, Lowest DHI group (N=9) - the third of patients scoring lowest 
on the DHI (asymptomatic) and normal subjects (N=9). * Significant at the p=0.05 level 
 
Significant differences between VN patients and normals were found only for those patients 
who scored the highest on the DHI [F(1,16) = 6.8, p=0.019]; those VN patients who were 
asymptomatic showed no significant difference to normal subjects. Those patients who do 
not recover well symptomatically show elevated levels of visual dependency compared to 
normals. In contrast those patients who are asymptomatic show similar levels to normal 
subjects.   
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Increased visual dependency, as measured with a previous rod and disk set up (Figure 3.4), 
has been found in selected groups of patients who complain of dizziness/imbalance induced 
by complex visual environments specifically (Bronstein, 1995; Guerraz et al., 2001), as well 
as bilateral labyrinthine-defective patients (Guerraz et al., 2001). Current findings serve to 
substantiate and build on results from previous studies and show increased visual 
dependency in an unselected group of patients suffering with chronic dizziness after 
unilateral peripheral injury.  
 
The mean degree of line deviation in the presence of a rotating background found in 
normals (N=31) using the laptop based test (3.2˚, please see results section of this chapter) 
is less than that found originally by Dichgans (1972, 15°) and Guerraz (2001, 9.6°) using a 
larger disk (Figure 3.4). However, current findings illustrate that the laptop version of the 
rod and disk test is able to accurately assess visual dependency levels, from which it is 
possible differentiate chronically symptomatic vestibular patients from normal subjects.  
 
 
 
 
 
 
 
 
 
 
Figure 3.4 - Showing previously used experimental set-up of rod and disk test (Guerraz et al., 2001)  
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Results 
Figure 3.5 shows visual dependency levels in the acute and recovery stages for vestibular 
neuritis patients. Although, patient visual dependency data followed an approximately 
normal distribution, significant results on normality tests carried out (acute - Z=0.17, p=0.05; 
recovery - Z=0.19, p=0.03) required that the data be log transformed. Logarithmically 
transformed acute and recovery stage visual dependency data was shown to be normally 
distributed and so was used for all statistical tests carried out.  
 
In the acute stage of VN, patients show a significantly higher degree of visual dependency 
compared to normals [F(1, 56) = 13.6, p<0.001]. Patients are less able to align the rod to 
vertical in the presence of a moving background and showed a mean degree error of 7.2° (sd 
6.1), in contrast to normal subjects‘ 3.2° (sd 2.9) mean error. In the recovery stage patients’ 
degree of visual dependency decreases but remains significantly higher than normal 
subjects [F(1,52)=5.1, p=0.03]. [Nb; recall this is the extra error added by the rotating 
background; absolute values of the visual vertical tilt have been widely studied in the past 
(Friedmann, 1970; Halmagyi et al., 1994) and they do not correlate with symptom outcome, 
Kim et al., 2008]. A paired-samples t-test was also carried out comparing visual dependency 
levels in patients at the acute and recovery stages. Although visual dependency at the 
recovery stage remained higher than normals, there was a significant decrease in visual 
dependency levels from acute to recovery stages [t(19)=3.18, p=0.007]. 
 
The results indicate increased utilisation of visual information by patients acutely, which 
although lessens, is still present during recovery.  
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Figure 3.5 - Group averages and standard errors showing visual dependency levels for VN patients (acute and 
recovery stages) and age-matched normal subjects. Visual dependency equals degree error on static trials 
minus degree error on moving trials. ** Significant at the p=0.01 level. * Significant at the p=0.05 level. 
 
Figure 3.6 shows the correlation between visual dependency and peripheral vestibular 
function (as assessed by canal paresis) in the acute and recovery stages. There was no 
correlation between visual dependency levels and canal paresis acutely (R=-0.34, p=0.09) or 
at the recovery stage (R=0.18, p=0.41). 
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Figure 3.6 - Scatter plots showing correlation between visual dependency (degrees) and percentage canal 
paresis, in acute and recovery stages after VN.  
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Discussion  
The current results show an increased level of visual dependency in the acute stage of 
vestibular neuritis and although this reduces during the recovery phase, it remains higher 
than normal levels.  
Recordings from the vestibular nuclei of cats after unilateral vestibular nerve sections show 
neuroplasticity mechanisms operating acutely that serve to increase sensitivity of vestibular 
nuclei neurons during visual stimulation (Zennou-Azogui et al., 1994). Numerous studies 
have shown the visual system to operate more efficiently during slow head movements, in 
contrast to the vestibular system, which performs better during rapid head movements (for 
review see Xerri et al., 1988). The findings from Zennou-Azougui et al. show evidence for a 
sensory substitution process that attempts to compensate for the lack of vestibular signals 
by enhancing the sensitivity of deafferented vestibular units to visual stimuli. Similarly, fMRI 
data shows visual substitution during vestibular compensation and enhanced responses to 
optokinetic stimulation in vestibular lesioned patients (Dieterich et al., 2007). The role of 
vision in vestibular compensation has been studied in animal studies using light deprivation 
after hemilabyrinthectomy (Burt and Flohr, 1991a; Fetter et al., 1988; Putkonen et al., 
1977), where degree of compensation appears to be dependent on the presence of vision 
acutely. Fetter and colleagues found that, in monkeys, visual input in the acute stages after 
unilateral vestibular loss was essential for recovery of VOR gain. Furthermore monkeys who 
had normal exposure to light but who had underwent a prior occipital lobectomy showed 
deficiencies in VOR gain, highlighting the importance of visual information regarding retinal 
image motion in VOR gain adaptation following vestibular injury.  
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Our findings, showing increased visual dependency in the acute stages following VN, 
highlight an apparent change in sensory strategy by the increased utilisation of visual 
information. This reflects an adaptive compensatory mechanism that serves to re-weight 
sensory input by increasing reliance on visual information in the presence of unreliable 
vestibular sensory information.   
Previous studies have found increased visual dependency in bilateral (Bronstein, 1995; 
Bronstein et al., 1996; Lopez et al., 2007) and unilateral (Goto et al., 2003; Lopez et al., 
2006; Lopez et al., 2007) vestibular patients. Posturography studies also show changes in 
the sensory strategy adopted by patients with unilateral vestibular neurotomy, indicating a 
shift to visual cues in the maintenance of balance (Lacour et al., 1997; Parietti-Winkler et al., 
2006). Here we charted the time course of visual dependency in the compensatory stages 
after acute vestibular neuritis, a condition where the peripheral deficit does not necessarily 
remain stable over time. The data shows that recovery of peripheral vestibular function 
does not drive changes in visual dependency - caloric function shows no correlation with 
visual dependency. In agreement a study carried out by Tsutsumi and colleagues (2009) 
failed to find any association between caloric weakness and degree of postural sway elicited 
by optokinetic stimulation in vestibular patients. It appears that the sensory re-weighting 
mechanisms operating during the recovery stages become independent of the peripheral 
injury that first induced increased use of visual cues. Although visual dependency decreases 
at recovery stage, it remains higher than normal levels. In agreement with our findings, Bles 
et al (1983) showed increased visually-induced postural sway in bilateral and unilateral 
vestibular patients in the acute stage, which remained up to and beyond the year following 
injury.   
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An additional main finding in the present study regarding visual dependency, concerns the 
relationship between increased visual dependency and symptomatic outcome in VN 
patients, and furthermore the effect of psychological factors on the ability of patients to 
weight sensory information effectively during recovery. These findings will be discussed in 
Chapter 5.  
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Chapter 4 
Psychological factors and balance system 
function  
 
Introduction 
This chapter will focus on exploring the literature surrounding the relationship between 
psychological factors and balance function, as well as presenting the methods used to 
quantify psychological elements within our patient group. The effect of psychological 
influences on symptomatic recovery from VN in patients will be reported in Chapter 5.  
The interplay between dizziness and psychological factors is rich and complex, with 
vestibular dysfunction and psychiatric disturbance often presenting as common co-
morbities.  Schilder (1933) argued that the importance of the vestibular system in the 
understanding of neurosis and psychosis stems from its integral role in the dynamics of body 
image. During development the vestibular organs provide information that assists in the 
discrimination between whole body movement, movement of surroundings and movement 
of the eyes alone, leading some to speculate on the contribution of the vestibular system in 
the development of the concept of "self" (Guedry, 1965; Ornitz, 1970; Schilder, 1933). The 
vestibular organs, contrary to other sensory systems that respond to the external 
environment, convey information regarding state of orientation and self-generated 
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movements of the body.  Spatial orientation and equilibrium are fundamental processes 
governed by the balance system, and play an integral part in our understanding of the world 
and our sense of self within it.  
For centuries medical literature has contained indications of the co-occurrence of vertigo 
and anxiety symptoms, with dizziness not only acknowledged as vestibular in origin but also 
as a sign of psychological disturbance (Balaban and Jacob, 2001). Although the study of 
vertigo and psychiatry diverged in the early 20th century with the development of clinical 
otological testing and psychoanalytical concepts, the inherent link between them remains. A 
number of more recent studies have sought to investigate the nature of the relationship 
between vestibular disorders and psychiatric disturbance (for reviews see Asmundson et al., 
1998; Furman and Jacob, 2001). Vestibular abnormalities are common in patients with panic 
and anxiety disorders (Hoffman et al., 1994; Jacob et al., 1996; Tecer et al., 2004). 
Conversely, Mckenna and colleagues (1991) found that 64% of dizzy patients attending a 
neuro-otology clinic required psychological assistance compared with 27% of those 
presenting with hearing loss. In addition, Eagger (1992) found anxiety disorders to be 
present in 41% of patients with vestibular dysfunction.  
Although there is a huge overlay between psychiatric and vestibular populations the causal 
relationship between them is much more difficult to decipher (Yardley, 2001; Jacob, 1996). 
Staab and Ruckenstein (2003) identified three equally prevalent patterns of illness from a 
sample of dizzy patients attending a tertiary care balance centre. The first group of patients, 
labelled 'otogenic', developed persistent dizziness and anxiety after an acute vestibular 
insult (for example, VN, menieres disease). The second 'psychogenic' patient group had 
primary anxiety disorders and suffered from dizziness in the absence of any abnormal 
109 
 
neuro-otologic findings. The remaining patients formed an 'interactive' group, in which pre-
existing anxiety disorders were exacerbated as chronic dizziness developed after vestibular 
injury. In agreement with Staab's findings, Eckhardt-Henn (2003) found three similar 
subgroups in a collection of patients complaining of dizziness, whose symptoms stemmed 
from otogenic, psychogenic and co-morbid origins. An ideopathic patient group was also 
identified, in whom no vestibular or psychiatric disorder was found. Acute psychiatric 
disorders were diagnosed in 68.25% of the dizzy patients, with the most prevalent being 
anxiety, depressive and somatoform disorders. Patients in whom psychiatric disorders were 
found (i.e. the psychogenic and co-morbid groups) were more impaired at work and daily 
activities than the otogenic group, and of those, patients suffering from anxiety and 
depression showed the greatest emotional distress and handicap. In agreement, Kroenke 
(1993) also found impairment to be the highest amongst dizzy patients with psychiatric 
disorder. These studies agree with additional findings showing that anxiety disorders are 
highly prevalent in dizzy patients (Kroenke et al., 1992; Simon et al., 1998; Yardley et al., 
1992c; Yardley et al., 1998a).  
This chapter will first explore balance function and dizziness in psychiatric patient groups, 
before outlining developments in the clinical classification of psychogenic dizziness. 
Psychological factors affecting recovery from vestibular disorders will then be discussed. 
 
 
Balance function in psychiatric patient populations 
A large proportion of patients suffering from anxiety disorders complain of dizziness, and it 
presents as one of the most prominent symptoms in panic disorder patients (Aronson and 
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Logue, 1988; Cox et al., 1993; Margraf et al., 1987). Psychosomatic links exist between 
anxiety disorders and vestibular symptoms, where vestibular function may be affected by 
the somatic components of anxiety. Hyperventilation is a common concomitant of anxiety, 
especially in panic attacks and has been shown to induce dizziness (Sama et al., 1995). 
Additionally, hyperventilation causes substantial increases in postural sway in normal 
subjects (Sakellari et al., 1997), as well as inducing nystagmus in patients with vestibular 
disorders (Bance et al., 1998; Minor et al., 1999). Increased arousal associated with anxiety 
and panic disorders may also result in vestibular hypersensitivity via vestibular-autonomic 
connections (Furman et al., 2006; Theunissen et al., 1986). 
Vestibular abnormalities as shown with caloric and rotational tests are often evident in 
panic disorder and agoraphobic patients (Hoffman et al., 1994; Jacob et al., 1985; Jacob et 
al., 1989; Sklare et al., 1990), with a particularly high prevalence in those suffering from 
associated moderate to severe agoraphobia (Jacob et al., 1996). Furthermore chronic 
dizziness in the presence of panic disorder is more likely to predict existence of pathological 
neuro-otologic findings, rather than chronic dizziness alone (Teggi et al., 2007). However the 
pattern of vestibular dysfunction does not appear to be entirely consistent in anxiety 
disorder patients and certain studies have failed to note any difference in vestibular 
responses between panic disorder patients and normal controls (Swinson et al., 1993; 
Yardley et al., 1995). Furthermore Jacob and colleagues (1996)  found a high rate of 
vestibular abnormalities in a group of normal subjects.  
In the absence of peripheral vestibular deficit, differences remain between anxious patients 
and normals in the sensory integration strategies used in postural control (Yardley et al., 
1995). Various studies using computerised posturography have shown consistent 
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differences between anxiety disorder patients and normal controls. Perna and colleagues 
(2001) found that anxious patients showed significantly increased sway when standing, 
compared to normal subjects. A number of studies have highlighted the importance of 
central sensory integration processes in patients with anxiety disorders, with anxious 
patients showing augmented visually induced postural sway (Redfern et al., 2007), and 
increased sway in the absence of vision (Stambolieva and Angov, 2010). Studies also show 
that panic disorder patients use proprioceptive inputs more than normal subjects in 
controlling posture (Jacob et al., 1997; 2009). These studies suggest that anxious patients 
differ in their balance maintenance strategies and preferentially use visual and 
somatosensory inputs to control balance (Redfern et al., 2001), rather than vestibular, 
showing higher postural sway in response to disorientating perceptual stimuli (Yardley et al., 
1995; Yardley et al., 1998a). These findings reflect differences in the central sensory 
integration mechanisms employed by anxious patients compared to normal controls.  
 
Chronic psychogenic dizziness 
Several authors have attempted to classify chronically symptomatic patients whose 
symptoms do not fit clearly into a defined vestibular syndrome. A number of terms have 
been used to describe these patients symptoms for example, psychogenic vertigo, 
functional dizziness, psychiatric dizziness, somatization. In an effort to more clearly define 
this chronic dizziness, Brandt (Brandt, 1991; 1996) defined a syndrome of 'Phobic Postural 
Vertigo' (PPV). Brandt introduced PPV as a discrete clinical identity, distinct from panic and 
agoraphobic disorders, which is argued to occur mainly in patients with obsessive 
compulsive personalities. Patients present with dizziness and balance difficulties despite 
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normal clinical balance testing and show episodic fluctuations in unsteadiness, usually 
associated with certain visual stimuli/perceptual conditions or social situations and anxiety. 
Onset frequently follows periods of emotional distress or develops after an organic 
vestibular disorder. In a sample of 768 patients presenting in a neurology clinical, 17% were 
diagnosed with PPV (Brandt, 1996). It was the most frequently found disorder, behind only 
benign paroxysmal positional vertigo and a follow up study showed a 72% improvement 
rate in PPV patients after a short course of psychotherapy (Brandt et al., 1994). The 
mechanisms perpetuating PPV are argued to stem from a mismatch between anticipated 
and actual motion, resulting in normal postural adjustments being interpreted as arising 
from motion of the surroundings or unexpected postural perturbations. In PPV patients this 
may arise from an 'anxious' control of posture and balance checking (Holmberg et al., 2009; 
Tjernstrom et al., 2009). 
Bronstein and colleagues (Bronstein et al., 1997), point out the considerations needed in the 
diagnosis of PPV; positive indicators of a psychogenic syndrome are often rare in dizzy 
patients as opposed to other areas of neurology, making vertigo of a psychogenic origin 
much more difficult to diagnose than organic vertigo. Furthermore Bronstein emphasises 
the difficulties present when ruling out vestibular disease and urges further research in to 
the complex mechanisms underlying chronic dizziness. A view seconded by Brandt who 
states that the classification of PPV as a clinical syndrome may be a driving force behind 
further research on the psychogenic and multisensory mechanisms underlying balance 
control.  
Chronic Subjective Dizziness (Staab et al., 2004; Staab and Ruckenstein, 2005) is also a 
widely used term to describe long standing symptoms of dizziness and balance problems in 
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the absence of abnormal findings on clinical balance tests. Similarly to PPV, chronic 
subjective dizziness is characterised by persistent dizziness and subjective imbalance with 
hypersensitivity to motion cues.  
A unifying theme apparent across classifications of psychogenic vertigo is the presence of 
dizziness symptoms brought about by visual stimuli and some accompaniment of anxiety. 
Vertiginous symptoms associated with environmental and situational stimuli have been 
described previously as 'visual vertigo' (Bronstein, 1995), 'space phobia' (Marks, 1981), 
'space and motion discomfort' (Jacob et al., 1993), where patients symptoms are triggered 
by certain visual environments. This association between visual processing, anxiety and 
balance function will be discussed further in Chapter 5, in the context of our results from 
patients during recovery after acute VN.  
 
The influence of psychological factors on recovery from balance disorders 
Acute vestibular injury can cause severely traumatic and debilitating symptoms of vertigo, 
nausea and disorientation, from which recovery rates vary, with a large proportion of 
patients remaining symptomatic (Bergenius and Perols, 1999; Halmagyi et al., 2010; Imate 
and Sekitani, 1993). Such an attack can constitute a critical life event and causes high levels 
of anxiety in the acute stage.  A number of studies have investigated the impact of 
psychological factors on why some patients recover well and others go on to develop 
chronic dizziness (Best et al., 2009a; Best et al., 2009b; Godemann et al., 2004a; Godemann 
et al., 2004b; Godemann et al., 2005; Heinrichs et al., 2007; Kammerlind et al., 2005; 
Kammerlind et al., 2011; Yardley and Redfern, 2001; Yardley et al., 2001). Patients with 
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vestibular dysfunction are more prone to develop anxiety symptoms, including agoraphobia 
in the long term and elevated levels of anxiety have in turn been linked to poor outcome 
after acute vestibular injury (Eagger et al., 1992; Godemann et al., 2004b; Godemann et al., 
2005; Kammerlind et al., 2005). Patients who develop anxiety and depressive disorders after 
a vestibular vertigo syndrome also show higher rates of persisting dizziness symptoms, 
compared to those who do not develop psychiatric pathology (Best et al., 2009a; Eagger et 
al., 1992).  
Anxiety after acute VN has been shown to be associated with dysfunctional apprehensions 
and fear of physical symptoms (Godemann et al., 2004b). Godemann and colleagues 
propose that there is a shift from a vestibular to somatoform vertigo in patients who 
develop chronic dizziness, where patients transfer their focus of attention to the threat 
posed by their vertigo experience (Godemann et al., 2004a). Tschan and colleagues (2011) 
found that patients with higher scores of resilience, sense of coherence and satisfaction 
with life acutely, were less likely to develop somatoform vertigo and dizziness in the long 
term. A more recent study found that a tendency to interpret bodily sensations as 
dangerous was predictive of development of a panic disorder after acute VN (Godemann et 
al., 2006). The impact of fear of bodily sensations on recovery was also shown by Heinrichs 
(2007), who found that those patients who scored higher on a fear of bodily sensations 
questionnaire were more likely to complain of dizziness symptoms three months after the 
acute incident.  
Negative beliefs regarding the consequences of dizziness, such as falling, fainting or losing 
control, have also been found to predict long term handicap and can cause avoidance of 
situations that patients fear will induce dizziness (Yardley et al., 2001). Such avoidance 
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behaviours have been previously noted (Yardley et al., 1992b), where chronic vertigo 
patients impose restrictions on daily activities in order to avoid any potential vertigo attacks. 
Yardley (1994) highlights the perpetuating cycle of negative beliefs regarding symptoms, 
avoidance behaviours and handicap - the avoidance of behaviours that induce dizziness can 
prevent recalibration of the balance system, which in itself can retard recovery and 
perpetuate the anxiety-avoidance cycle leading to chronic handicap (Yardley, 2000).  
Given the strong interlinking relationship between psychological mechanisms and balance 
function, the measurement of psychological factors is an important and necessary 
contribution to any investigation concerning recovery from vestibular injury. We assessed 
psychological factors including anxiety, fear of bodily sensations and autonomic arousal in 
the acute and recovery stages of VN.  
 
Method 
Patients completed a battery of questionnaires at acute, recovery and long term follow up 
stages after VN (for patient details please see Clinical Material section).  
At the acute stage patients completed the following validated scales -  
 Dizziness Handicap Inventory  (DHI, Appendix II, Jacobson and Newman, 1990) 
The DHI measures the self-perceived handicapping effects of vestibular symptoms. The 
questionnaire consists of 25 items, divided into 3 subgroups which are designed to assess 
the functional, emotional and physical aspects of dizziness and imbalance. Subjects are 
instructed to answer yes (4 points), sometimes (2 points) or no (0 points) to questions 
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relating to dizziness and vertigo, for example - 'Because of your problem do you have 
difficulty reading?'. A normalised score was calculated by dividing total score by number of 
questions answered and used as an overall measure of recovery (0-1.3 = mild handicap, 1.4-
2.6 = moderate handicap and 2.7-4 = severe handicap). A normalised score was used as 
some patients in the acute stage were not able to answer all questions, for example – 
‘Because of your problem, is it difficult for you to walk around your house in the dark?’. The 
DHI has high internal consistency (Cronbach's alpha = 0.89) and test-retest reliability 
(Pearson product-moment correlation = 0.97).   
 
 Vertigo Symptom Scale (VSS, Appendix III, Yardley et al., 1992a) 
The VSS is used to quantify symptoms of balance disorders and autonomic 
anxiety/somatization. The questionnaire consists of 34 items and contains two main 
subscales. The first assesses frequency, duration and severity of vertigo symptoms (VSS-
VER) and the second, degree of autonomic/anxiety symptoms, which includes a range of 
indicators of somatic anxiety such as excessive sweating and chest pains (VSS-AA). Both 
subscales have good internal consistencies (Cronbach's alpha: VSS-VER = 0.79; VSS-
AA=0.89). The version of the VSS used in the current study is a slightly modified version of 
the original VSS, and subjects are asked to answer each question in relation to the two week 
period prior to completion of the questionnaire (or since vertigo/dizziness started if less), 
rather than the 12 month period assessed in the original version developed by Yardley. In 
the current study, subjects were asked to answer each item on a scale of 0 - 4 (never to very 
often, respectively), regarding 'how often in the past two weeks have you had the following 
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symptoms'. The score for each subscale is calculated by summing responses to each item. 
Higher scores indicate more vertigo and autonomic anxiety.  
 
 Body Sensations Questionnaire (BSQ; Appendix IV, Chambless et al., 1984) 
This 17 item questionnaire is used to assess degree of fear subjects feel towards different 
bodily sensations, for example, heart palpitations, sweating. Subjects are informed that all 
body sensations listed may occur when nervous or in a fear situation and they are asked to 
rate on scale from 0 to 5 how afraid they are of those feelings - 0 being not at all afraid and 
5, extremely afraid. The total score consists of the average of scores across the 17 items. 
The BSQ has been shown to have good test-retest reliability (Pearson product-moment 
correlation = 0.67) and is highly internally consistent (Cronbach's alpha = 0.88). 
 
 Hospital Anxiety and Depression Scale (HADS, Appendix V, Zigmond and Snaith, 
1983) 
The HADS is used to assess state based non-somatic symptoms of anxiety and depression. 
The questionnaire consists of 14 items, which can be divided into two separate anxiety 
(HADS-A) and depression (HADS-D) subscales. Each item pertains to how the subject has 
been feeling in the past week. Scores range from 0 - 3 on each item and total scores on each 
subscale range from 0 (no sign of anxiety or depression) to 21 (maximum level of 
anxiety/depression).  A score of 8-10 is indicative of a possible case of anxiety or depression 
and a score of 11 or more a probable case.  The HADS shows good internal consistency 
(Cronbach's alpha, HADS-A = 0.83; HADS-D = 0.82) (Bjelland et al., 2002).  
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At recovery and long term follow up stages, in addition to the above, subjects also 
completed the following questionnaires.  
 State-Trait Anxiety Inventory (STAI, Appendix VI, Spielberger, 1983) 
This questionnaire determines levels of both state and trait based anxiety via two main 
subscales, consisting of 20 items each. As state based anxiety was assessed using the HADS, 
subjects were asked to complete the Trait Anxiety Inventory scale only, in order to keep 
number of questionnaires to a minimum. This trait anxiety scale provides measurement of 
personality-based anxiety levels by measuring to what extent the individual has a stable 
propensity to experience anxiety and the tendencies of the subject to perceive stressful 
situations as threatening. The scale consists of 20 statements (for example, 'I feel nervous 
and restless' or 'I wish I could be as happy as others seem to be') and subjects are required 
to rate how they generally feel on a scale from 1 to 4 (1 = never and 4 = always). Test-retest 
reliabilities for the trait scale are high, ranging from 0.73 - 0.86 and concurrent validity with 
other anxiety questionnaires ranges from 0.73 - 0.85. Score is calculated by summing 
subjects responses on each item, total score ranges from 20 - 80, with higher scores 
indicating higher levels of trait anxiety.  
 
 Situational Vertigo Questionnaire (Apprendix VII, adapted from Jacob et al., 1989) 
This 19 item scale provides measurement of the severity of dizziness symptoms induced by 
different disorientating situations, for example, 'Riding in a car at steady speed' or ' Walking 
down a supermarket aisle'. Subjects are asked to rate from 0 (Seemungal et al., 2011) to 4 
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(very much) the degree to which each situation causes feelings of vertigo or makes their 
vertigo worse. A normalised score for each subject is calculated by dividing total response 
for each item by number of items answered.  
 
Results 
Figure 4.1 shows patients symptoms scores on the DHI (Figure 4.1, A) and VSS (Figure 4.1, B) 
in the acute and recovery stage after VN. Paired-samples t-tests were used to analyse the 
change in questionnaire scores from acute to recovery stages. Degree of handicap as 
assessed by the DHI shows a significant improvement from acute to recovery stages 
[t(24)=7.4, p=<0.001],  representing an improvement in symptoms overall in patients. 
Acutely patients score an average of 2.2 (sd 1.1) on the DHI, decreasing to 0.56 (sd 0.95) at 
the recovery stage. Similarly, VSS scores show a significant decrease in vertigo symptoms 
[t(24)=8.01, p<0.001] and autonomic anxiety [t(24)=3.64, p=0.001] from acute to recovery 
stages. The DHI was used as the main measure of symptomatic recovery after VN in the 
present study. As we were testing patients in the acute and recovery stages after VN (as 
opposed to chronic patients who have been dealing with dizziness for a long period of time) 
some patients had difficulty differentiating between different types of dizziness and 
durations of dizzy symptoms when answering questions on the VSS. Scores for the DHI 
correlate (Pearsons ‘r’, reported as R2) well with total VSS score (R2=0.66, p<0.001) and 
vertigo symptoms score (VSS-VER scale, R2=0.65, p<0.001) in the recovery stage (Figure 4.1, 
C).   
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Figure 4.1 - Graphs A and B show averages and standard errors for DHI and Vertigo (VSS-VV) questionnaire 
scores for acute and recovery stages. Graph C shows the correlation between DHI and Vertigo (VSS) symptom 
scores. ** Significant at the p=0.01 level.  
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Anxiety scores as measured with the HADS [t(24)=2.31, p=0.03], depression [HADS, 
t(24)=2.67, p=0.013] and fear of bodily sensations [BSQ, t(20)=0.015, p=0.015] scores also 
decrease significantly from the acute to recovery stages (Figure 4.2). Mean trait anxiety 
measured in the recovery stage by the STAI was 36.22 (sd 8.4) and mean score for on the 
situational vertigo questionnaire was 0.38 (sd 0.61).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 - Graphs showing average scores and standard errors for autonomic arousal (VSS-AA), HADS-A 
(anxiety), HADS-D (depression) and fear of bodily sensations (BSQ) in patients in the acute and recovery stages. 
* Significant at the p=0.05 level. ** Significant at the p=0.01 level (two tailed).  
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Discussion 
Results from the questionnaire measures show that in the acute stage patients show 
moderate handicap from dizziness symptoms as assessed by the DHI. At the recovery stage 
average scores on both the DHI and vertigo subscale of the VSS decrease, reflecting a 
reduction in dizziness symptoms. Similarly levels of anxiety and autonomic arousal decrease 
from acute to recovery stages, along with fear of bodily sensations and depression levels. 
Levels of trait anxiety reported in our cohort of VN patients (mean score = 36.22) shows 
agreement with another patient population whose trait anxiety was measured with the STAI 
six months after acute VN (mean score = 36.01, Godemann et al., 2004a). State anxiety 
levels (HADS-A) shown in the current study are slightly higher than those reported in a 
previous study (Kammerlind et al., 2011) for both acute and recovery (10 weeks) stages 
after VN, but are lower than those suggestive of possible or probably cases of clinical 
anxiety, at both acute and recovery stages scores (Zigmond and Snaith, 1983).  
The influence of all the psychological measures studied (autonomic arousal, anxiety, 
depression and fear of bodily sensations) on symptomatic recovery from VN will be 
discussed in Chapter 5.  
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Chapter 5 
Symptomatic recovery after vestibular 
neuritis 
 
Introduction 
Dizziness presents as a common chronic symptom that affects approximately 30% of the 
general population (Nazareth et al., 1999). It is frequently associated with extensive 
handicap and often remains untreated (Yardley et al., 1998b). A study assessing the social 
impact of dizziness (Bronstein et al., 2010) found that over 50% of patients presenting at a 
balance clinic reported problems concerning work, with 21% having given up work due to 
symptoms. Severe social handicap was also reported, along with family difficulties arising 
from dizziness.  
The intense vertigo, nystagmus and imbalance that characterise acute vestibular lesions, as 
in vestibular neuritis, resolve over a matter of days.  Long term, however, up to 30-50% of 
patients report chronic symptoms of dizziness and unsteadiness (Bergenius and Perols, 
1999; Halmagyi et al., 2010; Imate and Sekitani, 1993). This carries a heavy personal and 
social burden  leading to frequent consultations in general practice, old-age medicine, 
neurology and ENT (Hopkins, 1989).  
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Conventional vestibular physiology and clinical testing have traditionally focused on 
brainstem reflex functions. Although some recent studies have argued that a positive head 
thrust test in the long term after AVN may be associated with poorer outcome (Kim et al., 
2008; Mandala and Nuti, 2009), the majority of the literature shows poor correlation 
between these reflex indicators of vestibular function and symptoms (Bergenius and Perols, 
1999; Godemann et al., 2005; Jacobson and McCaslin, 2003; Kammerlind et al., 2005; 
Okinaka et al., 1993; Palla et al., 2008). These reflexive tests not only correlate poorly with 
symptomatic recovery but also fail to take into account the massive vestibular cortical 
projection (Fukushima, 1997) and little is known about the role of vestibular perception in 
symptomatic recovery. Given that dizziness is a symptom, the lack of investigation in this 
area is surprising, especially in light of the numerous imaging studies that show significant 
changes occurring at the cortical level  (Bense et al., 2004; Dieterich and Brandt, 2008; 
Helmchen et al., 2009; Helmchen et al., 2011; Zu Eulenburg P. et al., 2010) after peripheral 
vestibular injury.  
The mechanisms that perpetuate chronic dizziness are at present unclear. Long term 
symptomatic vestibular patients show increased visually-induced postural sway and report 
chronic visually-induced dizziness (Redfurn & Furman, 1994; Bronstein 1995; Bisdorff et al; 
Longridge and Mallinson, 2005) thought to be mediated by increased visual dependence 
(Guerraz et al., 2001). In addition, psychological factors are also influential (Best et al., 2009; 
Godemann et al., 2004; Godemann et al., 2005; Heinrichs et al., 2007; Kammerlind et al., 
2005; Yardley and Redfern, 2001) but whether anxiety and visual dependency, both linked 
to chronic dizziness, are connected or interdependent is not known. This may well be the 
case, given that clinicians report that patients with psychogenic dizziness describe sensitivity 
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to complex visual stimuli (Querner et al., 2002; Staab and Ruckenstein, 2005; Tjernstrom et 
al., 2009).  
In order to provide a comprehensive evaluation of the factors affecting recovery after 
vestibular neuritis, patients were assessed on a number of measures including, 
psychophysical vestibular testing, visual dependency and psychological factors, in addition 
to brain stem vestibular reflex testing. 
 
Method 
Patients were tested in the acute, recovery and long term follow up stages after VN (for 
patient details please see Clinical Material section). Patients underwent a battery of tests 
(for details of individual test protocols and analysis please see the relevant chapters and 
sections as stated), consisting of:   
 1. Vestibular threshold perception test (Chapter 1) - measured vestibulo-perceptual 
and vestibulo-ocular responses to threshold horizontal angular velocity rotations.  
 2. Supra-threshold vestibular perception test (Chapter 2) - measured vestibulo-
perceptual and vestibulo-ocular responses to supra-threshold horizontal angular velocity 
rotations.  
 3. Rod and disk test (Chapter 3) - assessed visual dependency 
 4. Questionnaires (Chapter 4) - assessed psychological factors such as, autonomic 
arousal, anxiety, depression, fear of bodily sensations and handicap due to dizziness 
symptoms.  
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 5. Caloric test (Clinical Material section) – conventional clinical measurement of 
peripheral vestibular function 
Results from all tests were collated and analysed with respect to recovery in order to 
investigate which factors were important in predicting poor recovery from VN. Degree of 
symptomatic recovery was assessed using the VSS vertigo scale (VSS-VER), which measures 
frequency and intensity of vertigo symptoms. DHI score was also used as a measure of 
recovery, which provides assessment of perceived handicap due to dizziness.  
 
Statistical analysis 
Factors affecting vertigo symptom recovery (VSS-VER) and degree of handicap (DHI) at the 
recovery stages were investigated using correlational (Pearsons 'r') and multiple regression 
analysis. Pair-wise Factor Analysis (Tabachnick and Fidell, 1996) was also carried out in order 
to provide additional interpretation of significant correlations and to summarise any 
associations between the variables measured.  In order to minimise the number of 
correlations, duration supra-threshold measurements only are included. Duration data, 
which is a straightforward measurement, is representative of supra-threshold responses and 
correlates well with time constant (R=0.8, P<0.001) and AUC (R=0.8, P<0.001) 
measurements taken during supra-threshold testing. 
 
Results 
Symptoms improved dramatically from acute to recovery stages, with a decrease in vertigo 
symptom load (VSS-VER) from 16.9 (sd 9.9) acutely, to 4.3 (sd 5.6) at recovery. Level of 
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handicap as measured by the DHI also decreased from 2.2 (sd 1.1) acutely to 0.57 (sd 1.0) in 
the recovery stage.  Although there was a general improvement in symptom scores from 
acute to recovery stages, variability in recovery rates was observed. Sixty percent of patients 
(n=15) presented with vertigo symptoms at the recovery stage, and 56% of patients (n=14) 
reported some degree of handicap due to dizziness. Therefore the effect of all variables 
measured including, peripheral vestibular function, vestibular perception (threshold and 
supra-threshold), visual dependency and psychological factors on symptomatic recovery 
was measured. Table 1 provides a summary of all variables measured, showing results for 
both acute and recovery stages.  
 
 
 
 
 
 
 
 
 
 
 
128 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2 – Shows mean (standard deviation) values across all patients for each variable measured at acute and 
recovery stages. DHI = Dizziness Handicap Inventory; VSS = Vertigo Symptom Scale; VSS-VER = vertigo 
symptom sub scale of the Vertigo Symptom Scale; VSS-AA - Autonomic anxiety subscale of the Vertigo 
Symptom Scale; HADS-A = Anxiety subscale of the Hospital Anxiety and Depression scale; HADS-D = Depression 
subscale of the Hospital Anxiety and Depression scale; BSQ = Body Sensations Questionnaire. Spielbergers Trait 
= Speilbergers Trait Anxiety Inventory. 
 
Acute predictors of poor symptomatic recovery 
In order to identify acute predictors of symptomatic recovery, hierarchical multiple 
regression was carried out using vertigo symptoms (VSS-VER) at recovery stage as 
dependent variable. Using the ‘enter’ method (SPSS), acute measures were entered into the 
regression analysis in four blocks; canal paresis was entered first, followed by threshold and 
supra-threshold perceptual measures (mean and % asymmetry), visual dependency was 
entered in the third block, and lastly, questionnaire measures assessing psychological 
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factors (HADS; BSQ; VSS-AA) comprised the fourth block. The regression analysis produced 
no significant models (p>0.05); canal paresis alone did not predict symptom scores at 
recovery (p=0.68), inclusion of vestibular perceptual variables into the regression model also 
failed to significantly predict symptom scores (p=0.58), as did the additional inclusion of 
visual dependency (p=0.098) or psychological variables (p=0.27). However, of note the 
analysis showed acute visual dependency and autonomic anxiety levels as excluded 
variables despite significant predictive power on vertigo symptoms scores at the recovery 
stage (visual dependency - beta in= 0.64,  t=3.22, p=0.005; autonomic anxiety - beta in= 
0.53, t=2.5, p=0.022). 
Table 2 shows correlations between all acute variables measured and symptom scores at 
the recovery stage. Independent linear regression analysis identified vertigo symptom score 
at recovery to be significantly predicted by acute visual dependency (R2=0.36, p=0.002), 
acute autonomic anxiety (R2=0.26, p=0.004). Higher levels of acute visual dependency 
(R2=0.43, p=0.001) and autonomic anxiety (R2=0.37, p=0.001) are also shown to be 
significantly associated with increased handicap due to dizziness at the recovery stage (as 
assessed by the DHI).  
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Table 3. Matrix showing correlations between all acute measures and recovery symptom scores. Pearson R correlation coefficients are reported. Significant correlations in 
bold. ** Significant at the p=0.01 level. * Significant at the p=0.05 level. VSS-VER = vertigo symptom sub scale of the Vertigo Symptom Scale; DHI = Dizziness Handicap 
Inventory; VSS-AA - Autonomic anxiety subscale of the Vertigo Symptom Scale; HADS-A = Anxiety subscale of the Hospital Anxiety and Depression scale; HADS-D = 
Depression subscale of the Hospital Anxiety and Depression scale; BSQ = Body Sensations Questionnaire.   
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Percentage change in vertigo symptoms (VSS-VER) from acute to recovery stages was also 
correlated with all acute measures and is shown in Table 2. The percentage change in 
vertigo scores from acute to recovery stages was however not shown to correlate with any 
baseline measures. This lack of correlation may be due to a possible 'ceiling effect' present 
in acute vertigo scores, as these were assessed in patients at VN onset where vertigo 
symptoms are maximal. In addition, in such an acute stage, patients are not able to 
comment adequately on frequency and duration of vertiginous symptoms as required by 
the VSS-VER scale, which may further effect any assessment of vertigo symptoms acutely.  
 An additional multiple regression analysis using only acute visual dependency and 
autonomic anxiety measures as independent variables was carried out, with vertigo 
symptom score at recovery as dependent variable. Using the step-wise method, a significant 
model emerged with one predictor variable: acute visual dependency [F(1,21)=11.21, 
p=0.003. Adjusted R2=0.36]. Autonomic anxiety was rejected from the model suggesting a 
high co-linearity with visual dependency. Current results show those patients with higher 
levels of visual dependency and autonomic anxiety in the acute stage show higher levels of 
vertigo symptoms at the recovery stage (Figure 5.1).  
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Figure 5.1 – Scatter plots showing correlations between symptomatic recovery (VSS-VER at recovery stage) and 
acute visual dependency (degrees) and autonomic anxiety (VSS-AA) levels.   
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Recovery stage measures and symptom outcome 
Individual bivariate correlations were carried for all recovery measures (Table 3). Vertigo 
symptom score at the recovery stage was significantly correlated with autonomic anxiety 
(R=0.69, p<0.001), HADS (anxiety, R=0.56, p=0.003; depression, R=0.66, p<0.001), BSQ 
(R=0.45, p=0.033), mean perceptual thresholds (R=0.48, p=0.017), canal paresis (R=0.65, 
p=0.001) and visual dependency level (R=0.52, p=0.012). Degree of handicap at the recovery 
stage (DHI) also significantly correlated with HADS (anxiety, R2= 0.44, p=0.001; depression, 
R2=0.49, p<0.000), BSQ (R2= 0.43, p=0.001) and VSS autonomic anxiety (R2= 0.51, p<0.001) 
scores in the recovery stage. Mean perceptual thresholds (R2= 0.26, p=0.011) and canal 
paresis (R2= 0.26, p=0.012) in the recovery stage also correlated with handicap but to a 
lesser extent. All other variables failed to correlate with symptomatic recovery. 
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Table 4. Matrix showing correlations between all measures at the recovery stage. Pearson R correlation coefficients are reported. Significant correlations in bold.   
** Significant at the p=0.01 level. * Significant at the p=0.05 level. VSS-VER = vertigo symptom sub scale of the Vertigo Symptom Scale; DHI = Dizziness Handicap Inventory; 
VSS-AA - Autonomic anxiety subscale of the Vertigo Symptom Scale; HADS-A = Anxiety subscale of the Hospital Anxiety and Depression scale; HADS-D = Depression 
subscale of the Hospital Anxiety and Depression scale; BSQ = Body Sensations Questionnaire; Trait = Spielbergers Trait Anxiety Inventory. 
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An additional hierarchical multiple regression analysis was carried out using vertigo 
symptom score (VSS-VER) at recovery stage as dependent variable. Those recovery 
measures that correlated significantly with vertigo score at recovery were included as 
independent variables. Similarly to the previous hierarchical regression analysis, canal 
paresis was entered in the first block, followed by vestibular perceptual measures (mean 
perceptual threshold only) in the second, visual dependency in the third and psychological 
measures (HADS; BSQ; VSS-AA) in the fourth block. All models produced by the regression 
analysis were significant (p<0.005, please see Table 5 for model summary).  
 
 
 
 
 
 
 
Table 5 – Model summary from hierarchical multiple regression analysis with vertigo symptoms (VSS-VV) at 
recovery stage as dependent variable. All independent variables entered into the model were recovery stage 
measures.  
 
The most significant model contained canal paresis, mean perceptual thresholds, visual 
dependency and psychological measures at the recovery stage [F(6,12)=15.40, p<0.001. 
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Adjusted R2=0.83]. These results suggest that higher vertigo symptom load at recovery stage 
is best predicted by examining a number of variables at the recovery stage, including 
persisting canal paresis, increased visual dependency, reduced vestibular perceptual 
thresholds and higher levels of anxiety and fear of bodily sensations.  
Exploratory pair-wise Factor Analysis (Table 6) was also carried out in order to provide 
additional interpretation of the significant correlations between symptomatic recovery and 
acute/recovery measures identified. Those variables both at the acute and recovery stages 
that were found to be significantly predictive of, or associated with, symptomatic recovery 
were included. The analysis produced two components. The first component accounting for 
59.15% of the variance loaded symptom score (VSS-VER) in the recovery stage, which was 
highly associated with level of visual dependency and autonomic anxiety (acutely and in the 
recovery stage), HADS and BSQ scores in the recovery stage and, to a lesser extent, mean 
perceptual thresholds. The second component accounting for 15.71% of variance loaded 
canal paresis only and notably did not include clinical outcome (VSS-VER). The strong 
association shown between symptom outcome, visual dependency and psychological 
measures highlights the interconnected nature of all three factors.  
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Table 6 - Pair-wise Factor Analysis. Component 1 accounts for 59.15% of variance within the data set, and 
component 2 accounts for 15.71% of variance. Those variables that load strongly (>0.7, Hair et al., 1998) on 
each component are shown in bold. 
 
 
The bivariate correlations of recovery stage measures (Table 4) identified a number of 
additional significant correlations highlighting different patterns of associations between 
variables at the recovery stage. Psychological measures were inter-correlated and 
autonomic anxiety, anxiety, depression and fear of bodily sensations scores all correlated 
highly with each other. In addition, higher levels of visual dependency were significantly 
associated with increased autonomic anxiety (R=0.66, p=0.001), fear of bodily sensations 
(R=0.52, p=0.016), anxiety (R=0.59, p=0.003, trait anxiety – R0.53, p=0.013) and depression 
(R=0.71, p<0.001).   Situational vertigo scores, which provide a measure of visually mediated 
dizziness symptoms, showed significant correlation with increased anxiety (R=0.56, 
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p=0.004), depression (0.76, p<0.001) and fear of bodily sensations (R=0.58, p=0.004), 
however did not correlate with increased visual dependency (R=0.38). Additional significant 
correlations noted were mean perceptual thresholds and autonomic anxiety (R=0.54, 
p=0.006); depression (R=0.48, p=0.017); fear of bodily sensations (R=0.64, p=0.001), as well 
as mean supra-threshold responses and trait anxiety (R=0.65, p=0.001).  
 
Results show that patients who display higher levels of visual dependency and autonomic 
anxiety acutely are less likely to recover well and show higher symptom load at the recovery 
stage. At the recovery stage, a number of variables are associated with symptom load, 
including visual dependency, autonomic anxiety, canal paresis, perceptual thresholds, in 
addition to psychological measures of anxiety and fear of bodily sensations.  
 
Symptomatic recovery and clinical data 
Figure 5.2 summarises clinical examination data and illustrates the correlation between 
percentage canal paresis (caloric test) and vertigo symptom score (VSS-VER) in the recovery 
stage. At recovery stage nine patients had a positive head thrust test, whose symptom level 
ranged from asymptomatic to high (VSS-VER=23), with handicap (DHI) ranging from mild to 
severe. Three patients had BPPV (positive Hallpike manoeuvre), with a range of symptom 
scores (VSS-VER score, 9-23) and handicap (mild to severe). These BPPV patients were all 
treated successfully (negative Hallpike at long term follow up), however continued to show 
mild (n=1), moderate (n=1) and severe (n=1) levels of handicap at the long term follow up 
stage. Seven patients had a history of migraine and vertigo symptom score ranged from 0 to 
139 
 
23 on the VSS-VER. Level of reported handicap (DHI) in these patients with migraine also 
ranged from mild (N=5) to moderate (N=1) and severe (N=1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 – Graph showing individual patients’ vertigo symptoms scores (VSS-VER) and % canal paresis at the 
recovery stage. Clinical data concerning the presence of positive head thrust, BPPV at the recovery stage and 
history of migraine is also shown for each patient.  
 
Although, patients presenting with positive head thrust, BPPV and a history of migraine 
show a range of vertigo symptoms scores at the recovery stage, the patient scoring the 
highest on the VSS-VER scale at the recovery stage did show concurrent positive head thrust 
and BPPV. One-way ANOVA analysis showed that patients with a positive head thrust at 
recovery scored significantly higher than those patients with a negative head thrust on both 
the VSS-VER [F(1,23)=10.03, p=0.004] and DHI [F(1,23)=16.12, p=0.001]. There was no 
significant difference found in vertigo symptoms scores in those patients with and without 
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migraine, however those with migraine did score significantly higher on the DHI at recovery 
[F(1,23)=10.17, p=0.004]. Due to the low number of patients presenting with BPPV at the 
recovery stage (n=3) non parametric statistics were applied (Mann-Whitney-U test), which 
showed that those patients with BPPV scored significantly higher on the vertigo symptom 
scale (z=-2.51, p=0.012) and DHI (z=-2.67, p=0.008), at the recovery stage.  
 
Long term follow up  
Comparisons between the recovery stage (10 weeks) and long term follow up (11 months) 
show no significant change in vertigo symptom load (VSS-VER) or perceived handicap due to 
dizziness (DHI), suggesting that the majority of symptomatic recovery had taken place by 
approximately 10 weeks after onset, as previously described  (Kammerlind et al., 2011). 
However additional correlational analysis was carried out to assess whether those measures 
important in symptomatic recovery outlined, continue to predict symptom load at long term 
follow up. Acute visual dependency level continues to predict level of perceived handicap 
due to dizziness (DHI, R= 0.65, p=0.009) and to a lesser degree vertigo symptom scores 
(R=0.55, p=0.05) at the long term follow up stage. Visual dependency at the recovery stage 
is also predictive of recovery in the long term stage, as measured by Dizziness handicap 
Inventory (R=0.61, p=0.13). Autonomic anxiety levels acutely (R=0.66, p=0.004) and at the 
recovery stage (R=0.65, p=0.005) continue to predict vertigo score at long term follow up, as 
well as dizziness handicap level (DHI - acute VSS-AA, R=0.72, p=0.001; recovery VSS-AA, 
R=65, p=0.005). In addition, anxiety, at the recovery stage, as measured with the HADS, also 
correlated with vertigo symptom scores (R=0.68, p=0.003) and handicap (R=0.61, p=0.009) 
in the long term follow up stage. In contrast mean perceptual thresholds and canal paresis, 
141 
 
which were correlated with vertigo symptom score in the recovery stage, are no longer 
associated with vertigo symptoms or dizziness handicap level at long term follow up. 
The variables strongly associated with symptom outcome were, at the acute stage, visual 
dependency and autonomic anxiety.  At the recovery stage, in addition to these two 
variables, psychological factors (BSQ and HADS) and, to a lesser extent, raised perceptual 
vestibular thresholds also correlated significantly with symptoms. Factor analysis showed 
that these variables loaded strongly as a single component alongside clinical outcome. 
Degree of canal paresis at the recovery stage also correlated with symptoms, however it 
loaded separately on a second component which, notably, did not include symptomatic 
recovery and failed to predict symptoms at the long term recovery stage.  
 
Discussion 
Our results show that factors affecting recovery from VN do not operate in isolation; 
symptomatic recovery is influenced by a number of variables, including visual dependency, 
psychological factors and canal paresis. However, what is remarkable about the current 
findings is the strong predictive power of acute levels of visual dependency and autonomic 
arousal on recovery. In addition, analysis highlights the interconnected nature of visual 
dependency and psychological variables and their impact on vertigo symptom resolution 
and level of handicap after VN. The value of visual dependency and psychological measures 
in predicting symptomatic outcome is further shown when looking at long term follow up 
data, with these variables continuing to predict recovery at the long term stage. 
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Visual dependency and symptomatic recovery 
Visual dependency and dizziness brought on by complex or moving visual surroundings are 
common in chronically symptomatic vestibular patients (Bronstein, 1995; Longridge et al., 
2002; Pavlou et al., 2006; Redfern and Furman, 1994). This is puzzling given that even in 
simple animal models (goldfish) the increased use of visual cues acutely after unilateral 
vestibular injury is not permanent and reliance on vision lessens over the compensation 
period, due to CNS plasticity (Burt and Flohr, 1991b). Although an increase in weighting of 
visual information acutely (Chapter 3) is an expected adaptive mechanism immediately after 
vestibular failure, our data shows that too much reliance on vision acutely, or an inability to 
re-weight inputs appropriately during the compensatory process, impedes recovery. The 
detrimental effect of over-reliance on visual cues acutely is further substantiated by a study 
carried out by Parietti-Winkler and colleagues (Parietti-Winkler et al., 2008). They found 
that patients who were more visually dependent before vestibular schwannoma surgery 
showed increased postural deterioration immediately after surgery and slower 
improvement, compared to patients who showed a lower reliance on vision preoperatively. 
The intrinsically ambiguous role of visual information in signalling both self and object 
(surroundings) motion (Kleinschmidt et al., 2002; Lee, 1980) would imply that patients with 
effective recovery should revert back to a non-visual (i.e. inertially based) mode of spatial 
orientation. Indeed, chronic dizziness patients who underwent desensitization rehabilitation 
protocols consisting of exposure to disorientating visual stimulation showed greater 
improvement in subjective symptom scores and posturography measures, than patients 
undergoing customised physiotherapy treatment regimes solely (Pavlou et al., 2004). What 
our current study highlights is both the impact of increased visual dependency acutely and 
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the inability by those patients who not recover well to down-regulate visual information and 
increase use of vestibular information. The latter is evident in our data in that increased 
vestibular perceptual thresholds are also associated with poor symptomatic outcome.  In 
agreement, Peterka (2011) found that those patients who did not recover as well after 
unilateral vestibular injury tended to make less use of vestibular information in postural 
control.  
Effective spatial orientation and balance control depend on complex sensori-motor 
mechanisms that allow individuals to effectively select and utilise appropriate sensory 
inputs in order to maintain balance. Our findings show that poor recovery in acute VN may 
stem from limitations in perceptual-motor processing that impede the ability of patients to 
re-weight sensory inputs effectively during recovery. Studies have shown variability across 
normal subjects in their abilities to re-weight sensory inputs in response to disorientating 
stimuli (Redfern et al., 2001) and individuals in the general population differ in the degree to 
which they rely on vision for orientation (Dichgans et al., 1972). Furthermore, studies have 
shown that increasing difficulties in postural balance tasks can enhance these inter-
individual differences (Cremieux and Mesure, 1994; Streepey and Angulo-Kinzler, 2002). 
Findings suggest that the inability of patients to re-weight sensory information after VN may 
be due to pre-morbid sensory strategies. Differences between patients in their perceptual-
motor skills, required for the dynamic adaptation involved in sensory re-weighting 
processing, may stem from developmental factors (Grove and Lazarus, 2007). In addition, 
degree of sensori-motor expertise has been shown to play a role in how well individuals can 
modulate the weightings of the sensory inputs utilised in balance; for example, gymnasts 
have been shown to be better capable of changing the use of sensory modalities in unstable 
postures compared to normal subjects  (Vuillerme et al., 2001).     
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Current findings suggest that rather than being a result of the severity of vestibular 
peripheral dysfunction in the acute stage (with which acute visual dependency shows no 
association - Table 3), poor recovery in the long term is resultant from inefficiencies in these 
sensory integration mechanisms in their ability to appropriately utilise visual information 
after vestibular injury. If too much reliance is placed on vision acutely or if sensory 
integration mechanisms are unable to re-weight sensory inputs effectively by down-
regulating visual information during recovery, patients recover poorly and show increased 
handicap and vertigo symptoms at the recovery stage.  
    
Psychological factors affecting symptomatic recovery 
The current study shows that increased levels of autonomic arousal acutely are predictive of 
poor long term symptomatic outcome. Present results agree with previous findings that 
show anxiety-related somatic symptoms to better predict improvement of vertigo 
symptoms after vestibular injury, compared to conventional vestibular testing (Yardley et 
al., 1994). Correlations have also been shown between autonomic symptoms, as measured 
with questionnaires, and dizziness symptoms (Yardley et al., 1992a), in addition to 
physiological studies that report autonomic dysfunction in patients with dizziness (Kawasaki, 
1993; Nakagawa et al., 1993). Autonomic arousal has also been shown to effect central 
perceptual mechanisms and studies show evidence that increases in autonomic arousal can 
lead to heightened perception of internal cues and somatic processes, and 
misinterpretation of bodily cues (Rief et al., 1998). It has also been shown that 
experimentally induced increased levels of cortisol enhance auditory and taste cues (Fehn-
Wolfsdorf, 1994). Furthermore, elevated autonomic arousal has been found to mediate 
conditioned aversive responses  (Challis and Stam, 1992) and has also been shown to 
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correlate with increased intensity in the perception of negative emotions (Chwalisz et al., 
1988).  Current results that show an association between autonomic anxiety and fear of 
bodily sensations may suggest a similar enhancement in perception of vestibular cues in 
dizzy patients, due to increased autonomic arousal. 
In addition to autonomic arousal, anxiety and fear of bodily sensations in the recovery 
stages also correlate with higher levels of reported handicap and predict symptomatic 
recovery in the long term follow up stages after VN. Numerous studies have shown levels of 
anxiety and fear of bodily sensations to be associated with symptomatic outcome after 
vestibular injury (Best et al., 2009a; Eagger et al., 1992; Godemann et al., 2004b; Godemann 
et al., 2005; Kammerlind et al., 2005). Staab (2007) highlights the possible role of 
conditioning in the relationship between anxiety and dizziness symptoms.  Anxiety may be 
linked to certain situations or movements in which vertigo was experienced or by which 
vertigo was triggered, which can lead to avoidance behaviours. Avoiding vertigo eliciting 
behaviours in the recovery period after VN may perturb vestibular compensation, leading to 
further symptoms, thus perpetuating the dizziness-anxiety cycle (Yardley, 1994; Yardley, 
2000). Previous prospective (Eckhardt-Henn et al., 2003; Godemann et al., 2004a) and 
retrospective studies (Staab and Ruckenstein, 2005; Staab and Ruckenstein, 2003) have also 
shown trait anxiety to be associated with chronic dizziness. In contrast, trait anxiety as 
measured with the STAI failed to correlate with symptomatic outcome in the current study.  
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A link between psychological factors and visual dependency 
A novel finding in our current study is the strong association between psychological factors 
and visual dependency, and their combined influence on predicting clinical outcome after 
vestibular injury.  
The relationship between visual dependence and personality factors has long been 
recognised (Witkin et al, 1954). According to Witkin, visually dependent (normal) subjects 
tend to be characterized by passivity in dealing with the environment, unfamiliarity with and 
fear of their own impulses as well as lack of self-esteem. Association between psychological 
factors and sensory integration processes, and more specifically visual motion processing, 
has been shown in a number of posturography studies. Patients with anxiety disorders 
(Redfern et al, 1997) and agoraphobia (Yardley et al, 1992) exhibit augmented visually 
induced postural sway, which is argued to be caused by an increased reliance on visual and 
proprioceptive cues in balance maintenance (Jacob et al, 1997; 2009). Patients with Phobic 
Postural Vertigo, a form of psychogenic dizziness (see Chapter 4), also report visual motion 
sensitivity and generate increased sway path in response to roll-plane visual stimulation 
(Querner et al., 2002). In addition, Tjernstrom (2009) found PPV patients unable to use 
visual information as efficiently as normal subjects in the modulation of postural control and 
results showed that patients were less able to adapt postural strategy in response to 
proprioceptive perturbation. The inter-related nature of anxiety and visual processing is 
further shown by a study carried out by Ohno and colleagues (Ohno et al., 2004) that 
showed the effect of anxiety on postural sway to be mediated by the presence of visual 
information, and found that the increases in sway in situations of increased state anxiety 
were abolished in eyes closed conditions. Of note, a multifactorial study of acrophobia 
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(Coelho and Wallis, 2010) in a normal population also found visual dependence, less 
postural ability, situational characteristics questionnaire (as used in previous work by 
Guerraz et al., 2001) and the BSQ to have predictive value (Coelho and Wallis, 2010).  
Finally, although not validated with psychophysical or postural techniques, patients with 
Chronic Subjective Dizziness, who can be improved with simple antidepressant medication, 
are also characterised by sensitivity to complex visual stimuli (Staab et al., 2004). 
The intricate relationship between the balance system and psychological state is reflected 
neuro-anatomically, with data showing links between neural networks processing visual, 
vestibular and emotional inputs.  ”Head direction” cells, sensitive to visual (background in 
particular) and vestibular input, are ubiquitous in the limbic system (for review see Taube, 
2007).  Also, vestibular input projects to the parabrachial nucleus (Balaban, 2004), which 
receives information from central amygadaloid, infralimbic and prefrontal cortex areas that 
modulate conditioned aversion and fear responses (Charney & Deutsch, 1996; Gorman et al, 
2000, LeDoux et al, 1988). This network may be important in maintaining a state of context 
dependent balance and an internal sense of well-being, as well as in the generation of 
emotional and behavioural responses (Balaban and Thayer, 2001).  Furthermore, it has been 
argued that the increased sensitivity to peripheral visual stimulation shown in patients with 
panic disorder stems from a more active peripheral ‘visual alarm system’ (Caldirola et al., 
2011). The peripheral visual system links with areas of the frontal and right internal 
temporal lobes, including the amygdala, which form part of a fast acting response network 
that processes peripheral visual field input, and has shown a reaction time as soon as 80ms 
after presentation of fearful stimuli (Bayle et al., 2009). Such networks would provide the 
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basis for the tight interaction found between persisting dizziness, visual dependency and 
psychological dysfunction in our patients. 
The study carried out by Caldirola (2011) measured postural sway in patients with panic 
disorder during visual stimulation in the central and peripheral visual fields. They found that 
patients exhibited increased sway during peripheral field presentation, compared to normal 
controls.  Furthermore state anxiety was shown to significantly influence patient responses 
during peripheral but not central field stimulation, whereas level of trait anxiety was not 
shown to influence postural responses in either stimulation condition. Caldirola and 
colleagues suggest that the increased sensitivity to complex visual environments shown in 
panic disorder (and agoraphobic) patients involves a hypersensitivity to alarm triggers for 
visual-balance connections. This they argue, stems from interoceptive conditioning linked to 
destabilizing visual stimuli and operant learning processes relating to avoidance of situations 
provoking discomfort. In agreement, peripheral vision has previously been shown to be 
important in orientation and defensive reactions to visual motion, involving short latency 
postural adjustments, in addition to head and eye movements (Berencsi et al., 2005; Palmer 
and Rosa, 2006).  
The heightened state of sensitivity to visual stimuli observed in panic disorder patients, can 
also be related to Phobic Postural Vertigo patients who present with an ‘anxious’ control of 
posture and show increased readiness to react to postural perturbations (Tjernstrom et al., 
2009). During quiet stance PPV patients show increased sway compared to normal subjects, 
however in situations of postural threat patients and controls show similar postural 
strategies, in that normal subjects in conditions of perceived threat adopt a postural 
strategy that is similar to the strategy used by PPV patients during quiet stance (Holmberg et 
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al., 2009). These findings suggest that PPV patients operate in a constant state of perceived 
postural threat, showing no additional postural changes in situations of actual threat.  
The tendency to interpret visual stimuli as threatening or signalling of dizziness onset may 
stem from the effect that emotional state has on cognitive processing. Mathews and 
Macleod (2005) provide a review of recent research that indicate biases in cognitive 
processing are common across emotional disorders. In particular, anxiety patients show bias 
in facilitating learning towards threatening information and show enhanced implicit 
memory advantages for threat-related words (MacLeod and McLaughlin, 1995).  
Concerning our results, the increased levels of anxiety and visual dependency may reflect a 
change in the balance maintenance strategy employed by patients in the acute stage of VN, 
at a time when vertigo and disorientating symptoms are maximal. However, an inability to 
‘re-adapt' or revert back to more adaptive strategies during recovery (i.e. reduced anxiety 
and dependence on visual cues) may result in poor symptomatic outcome. The strong 
association between visual dependency, psychological states, and symptoms (Table 6) 
suggests that rather than being solely dependent on a single factor, recovery from unilateral 
vestibular deficit is a function of centrally modulated mechanisms of sensory integration, 
which may themselves be affected by psychological states.  
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Limitations and Considerations 
 
There are certain limitations present within the current study that should be taken into 
account when examining findings. Firstly, the study has a relatively small sample size of 
patients, however numbers agree approximately with vestibular neuritis patients seen at 
our institution over the course of a year (Cutfield et al., 2011b). There was also a loss of 
patients to follow up, resulting in relatively small sample sizes for longitudinal analysis. 
Future studies may employ improved methods in order to ensure maximal retention of 
patients in the study such as scheduling subsequent follow ups in the acute stage, with 
letters sent to remind patients of appointments. Also, follow up testing may be scheduled to 
coincide with outpatient follow up appointments.  
The Factor Analysis and hierarchical multiple regression currently employed are valuable 
tools in identifying the associated factors and acute predictors of symptom recovery. 
However due to the large number of independent variables assessed, the case to variable 
ratio within the present study may be sub-optimal for this analysis and must be considered 
when interpreting these results.  
The proportion of patients recovering well in the current study is also slightly higher than 
previously reported. Although the literature shows variation in percentage of patients who 
recovery badly [30-50% of patients reporting chronic symptoms (Bergenius and Perols, 
1999; Halmagyi et al., 2010; Imate and Sekitani, 1993), current findings shows a slight 
binomial distribution of recovery rates. Although a large percentage of patients do report 
some degree of persisting symptoms at the recovery stage, these seem to be lie mostly in 
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the ‘mild’ handicap range (as assessed by DHI) or severe (N=2), with few scoring moderate 
levels of handicap. The rather positive trend of recovery shown in the present population of 
patients may be due to the fact that patients were seen by a team specialising in balance 
disorders in the very acute stages of VN and had diagnosis confirmed by specialist clinical 
testing. Therefore we may have inadvertently biased results by lowering levels of acute 
anxiety that may otherwise be present during acute attacks of vertigo (in the absence of any 
reliable diagnosis concerning cause). Clinical anecdotal experience shows that chronically 
symptomatic patients presenting at neuro-otology services have often not previously 
received the correct diagnostic label and have incomplete understanding regarding their 
problem and prognosis.  
In addition to the factors outlined presently as being important in symptomatic recovery 
(sensory integration strategies and psychological factors), current findings do show that 
additional clinical elements, for example development of BPPV and history of migraine 
should not be overlooked. When looked at from the view of a wider medical community, 
the presence of additional clinical factors must be taken in to consideration when 
determining why some patients do not recover well.  
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Conclusion 
 
The results from the psychophysical tests (Chapters 1 and 2) show that vestibulo-perceptual 
function is significantly affected by peripheral vestibular failure due to vestibular neuritis. 
Vestibulo-perceptual responses to threshold angular acceleration are similar to vestibular-
ocular responses and show a large degree of asymmetry in the presence of the unilateral 
vestibular deficit. In contrast, vestibular perception is bilaterally reduced in response to 
supra-threshold rotations – stimulations that in normal subjects produce responses 
comparable to the perceptual symptoms of vertigo experienced in acute VN. These results 
suggest that the bilateral suppression, of supra-threshold vestibular perception specifically, 
may act as a protective mechanism to guard against vertigo sensations. The perceptual 
‘shut-down’ observed acutely provides the first evidence that higher-order cortical 
mechanisms are engaged in vestibular compensation and vertigo suppression.  
In addition, results from the rod and disk test reflect sensory integration mechanisms acting 
acutely to increase the weighting of visual cues. Although this increase in visual weighting 
may be viewed as an adaptive compensatory mechanism operating in response to reduced 
and unreliable vestibular input, current findings show that higher levels of visual 
dependency acutely strongly predicts poor symptomatic recovery. Patients who show 
higher levels of visual dependency in the acute and recovery stages are more likely to 
remain symptomatic in the chronic stages after vestibular neuritis. Additionally, a higher 
level of autonomic anxiety in the acute stage also predicts poor clinical outcome, as well as 
anxiety and fear of bodily sensations in the recovery stage. What is striking in the current 
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findings is the extent to which visual dependency and psychological factors are interlinked, 
and how acute measurements of these factors significantly predict symptomatic recovery in 
the long term. Present findings illustrate the impact of psychological processing on 
mechanisms of sensory integration in spatial orientation and furthermore, highlight the 
importance, even in the very acute stages, of these associated factors on symptom 
resolution after acute balance injury.  What remains is the challenge of identifying patients 
in the acute stage so that a progression to chronic symptoms may be prevented, for 
example, by visuo-vestibular physiotherapy (Pavlou et al., 2011). Neuro-otology services can 
incorporate the laptop version of the rod and disk test (Figure 3.1) which, in this study, had 
the strongest predictive power. Of potentially more widespread application is the finding 
that the autonomic arousal component from Yardley’s VSS questionnaire (Yardley et al., 
1992) was able to identify those patients at risk from the acute phase. This should promote 
longitudinal large-scale studies focused on this point. 
In summary, we show that the acute bilateral reduction of supra-threshold vestibular 
responses and increased visual dependency may be viewed as adaptive mechanisms 
operating acutely to protect against potentially disorientating vestibular information. The 
gross supra-threshold perceptual shut down observed acutely appears to be a short-term 
coping compensatory mechanism to reduce feelings of vertigo.  In contrast, the complex 
interplay between visual dependency, raised perceptual thresholds and psychological 
factors, conceptually operating as a single factor, is important in long term recovery after 
acute VN.  
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Appendices 
Appendix I – Retrospective Vestibular Neuritis Diagnosis Questionnaire 
Balance Questionnaire 
The following questions form a questionnaire that will be used to help diagnose patients 
who have certain problems with dizziness. It is important that patients with a wide range of 
dizziness problems complete the questionnaire, so although some of the questions may not 
seem as if they directly relate to your symptoms, please try to answer them to the best of 
your ability.  
Please answer yes/no or ‘not applicable’ (if the question does not relate to your problem). 
All information will be treated confidentially and names will be removed.  
Please note - these questions relate to when your balance problem and/or dizziness first 
started and so this may be some time ago.  
 Age -  
 Gender (delete as appropriate) – male/female 
 Month & year that the balance and/or dizziness problem started -  
 
1- When everything started, did you see the environment spinning around you (on the 
horizontal plane)? 
 
2- If yes, did it last continuously for many hours (at least 24 hours)? 
 
3- Did you also suffer from nausea and/or vomiting? 
 
4- Did you experience auditory symptoms (fullness, hearing loss and tinnitus) in one or both 
ears? 
 
5- Did you feel better lying down in bed? 
 
6- Did you suffer from a severe headache (migraine) before, during or after the vertigo attack? 
 
7- Was your balance improving considerably after few days? 
 
8- Did you suffer from any flu-like symptoms a few days before or during the vertigo attack? 
 
9- Were you able to stand up and walk without any help in the first few days after the acute 
vertigo spell? 
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10- Have you only ever had one attack? 
 
11- Have you ever had an attack as bad as the first one? 
 
12- Did you have any difficulty using your hands? 
 
13- Did you have any numbness down one side of the face or body? 
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Appendix II  
Dizziness Handicap Questionnaire (DHI, Jacobson and Newman, 1990) 
The purpose of this scale is to identify difficulties that you may be experiencing as a result of 
your dizziness. Please answer Yes, No or Sometimes. Answer each question as it 
pertains to your dizziness only.  
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Appendix III– Vertigo Symptom Scale (VSS, Yardley et al., 1992a) 
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Appendix IV – Body Sensations Questionnaire (BSQ, Chambless et al., 1984) 
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Appendix V – Hospital Anxiety and Depression Inventory (HADS, Zigmond and Snaith, 
1983)  
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Appendix VI – Spielbergers Trait Anxiety Inventory (Spielberger, 1983) 
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Appendix VII – Situational Vertigo Questionnaire (adapted from Jacob et al., 1989) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
202 
 
Acknowledgements 
I would like to thank my supervisor Adolfo Bronstein for the huge amount of guidance and 
support he has given me during my time in the Neuro-otology department. Thank you also 
to Michael Gresty.  A huge thank you to Diego Kaski, Nick Cutfield and Barry Seemungal for 
all their input and help, especially in recruiting patients and to Dave Buckwell for his help 
with the technical aspects of the experiments and analysis.  Thanks also to John Golding for 
his statistical expertise and advice. I would also like to thank everyone that I have had the 
pleasure of working with in the Neuro-otology group for making my time here so enjoyable. 
And lastly, thank you to my family and friends for being so supportive throughout my PhD.  
 
 
 
 
 
 
 
 
 
 
